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CHARACTERIZATION AND EFFECTIVENESS OF REMINING
ABANDONED COAL MINES IN PENNSYLVANIA

By Jay W. Hawkins

ABSTRACT

Under an approved remining program, mine operators can remine abandoned coal mines without
assuming legal responsibility for treatment of the previously degraded water, as long as the discharging
waters are not further degraded and other regulatory requirements are satisfied. A U.S. Bureau of
Mines review of 105 remining permits in Pennsylvania indicates that remining results in substantial
reclamation of abandoned mine lands, utilization of significant quantities of coal, and reduction of
contaminant loads (acidity and iron) from degraded mine drainage discharges. Normality tests per-
formed on the water quality and flow data indicate generally nonnormal distributions and extreme right-
skewness, tending toward lower values. The water quality of underground coal mines was observed to
be more highly degraded in terms of acidity, iron, and sulfate than that of surface coal mines. The
optimum baseline sampling scenario is 12 months in duration at a frequency of one sample per month.
Analysis of water quality and flow rates before and after remining indicates that a majority of the mines
exhibited either no change or a significant decrease in pollution rate because of remining, The discharge
flow rate was the dominant controlling factor when the post-remining contaminant load was significantly
better or worse than the baseline (pre-remining) load.

Hydrologist, Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

Remining operations have the potential to reclaim large
areas of abandoned surface and underground coal mines
of the Appalachian region without the use of tax-generated
funds. Surface mining prior to the enactment of the Sur-
face Mining Control and Reclamation Act of 1977 left
large areas of abandoned exposed highwalls, open pits, and
unregraded spoil piles (figure 1). It has been estimated
that over 28,962 km (18,000 miles) of abandoned highwalls
currently exist in the Appalachian region. Of the land
disturbed by coal mining between 1930 and 1971, roughly
30% has been reclaimed. Estimates indicate that approxi-
mately 91 billion t (100 billion st) of recoverable coal exists
within 180 m (590 ft) of abandoned highwalls (Lineberry
and others, 1990). Previous underground mining has like-
wise left vast areas of abandoned mine workings, related
surface subsidence features, and open mine entries (fig-
ure 2). Regulatory agencies of States in the Appalachian
coal region where remining is not currently practiced may
be inclined to start and promote remining programs if
such programs can be shown to be successful in terms of
enhanced coal recovery, reclamation of abandoned mine
lands, and the reduction of (or no net increase in) de-
graded mine drainage. Mine operators may also be more

Figure 1

inclined to enter into a remining project with the knowl-
edge that the potential of incurring liability for long-term
treatment of mine waters from prior mining activities is
low. Furthermore, an in-depth analysis of remining may
lead to improvements to existing programs.

"Remining," as the term is used in this report, is the
surface mining of abandoned surface and/or underground
mines that originally created and continue to discharge
effluent water that fails to meet the applicable effluent
standards for acidity and iron. Others have used the term
"remining" to refer to the mining of abandoned surface or
underground mines regardless of preexsting water quality.
Under an approved remining program, an operator can le-
gally mine such sites without assuming responsibility for
treatment of the previously degraded water, as long as the
discharging waters are not further degraded by the opera-
tion (technically, a slight water quality improvement may
be required). If the water is additionally degraded because
of the remining operation, the level of treatment required
is based on pre-remining contaminant load levels and not
on the legislatively promulgated effluent standards. In
order to establish site-specific pre-remining contaminant
load levels (baseline loading rates) and to ascertain water
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Example of abandoned unreclaimed surface mine exhibiting flooded pit, exposed highwall, and sparsely vegetated "dead”

spoil.



quabity changes caused by remining, the mine operator
must collect a series of pre-remining discharge water
samples as well as discharge flow measurements. Loading
of a given contaminant is determined by multiplying the
discharge flow rate by the contaminant concentration.
The strength of the pollution abatement plan and the
economics of conventionally treating the water are also
factored into the final baseline loading rates. To receive
a remining permit, an operator must demonstrate that
there is a potential to improve the water quality. Statis-
tical analyses, primarily types of exploratory data analyses,
are used to determine whether the post-remining discharg-
es have been further degraded from baseline levels. If,
after remining, the contaminant loading rates are within or
below the established limits, based on the baseline loading
rates, and all other post-remining and reclamation physical
and temporal requirements are satisfied, discharge moni-
toring ceases and the operator’s bonds are released.
Without a remining program, the mine operator would
be liable for treatment in perpetuity for all discharges
hydrologically connected with the site that failed to meet

Figure 2
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the applicable statutory effluent standards during and after
reclamation. Even if the discharges were created by previ-
ous mining operations totally unrelated to the present op-
eration and the water quality was improved by the remin-
ing, but remained below effluent standards, the operator
would still be liable for perpetual treatment. For these
reasons, prior to the initiation of a remining program,
mine operators have avoided previously mined sites with
existing contaminated discharges and minable coal re-
serves. However, in order to qualify for remining relief
from statutory effluent standards, the operator must agree
to perform some amount of reclamation of the previously
abandoned mine lands and must illustrate that convention-
al treatment of the discharges to meet statutory effluent
standards is cost prohibitive. Exactly how much reclama-
tion is required is discretionary on the part of the State
regulatory agency. Generally, spoil piles have to be re-
graded and revegetated to blend in with the existing to-
pography; surface water impoundments have to be filled
in; highwalls have to be eliminated, in some cases re-
claimed to premining conditions; and exposed mine entries

h

Exainple of abandoned underground mine exhibiting exposed mine entry and mine drainage discharge.



have to be sealed and subsequently buried. Areas to be
reclaimed during the operation are usually constrained to
those within the permit boundary.

The objectives of this study include a review of the
overall scope of remining in Pennsylvania, characterization
of the mine water quality before and after remining,
determination of the optimum pre-remining sampling
scheme (in terms of sampling frequency and duration) to

characterize the water quality, determination of the over-
all effectiveness of remining in reducing the contaminant
load, and identification of pollution abatement technolo-
gies. that most effectively reduce or eliminate the con-
taminant load. This work is in concert with the U.S, Bu-
reau of Mines (USBM) mission to ensure that the Nation
has a dependable supply of minerals with minimal en-

vironmental impact.

BACKGROUND INFORMATION AND DATA COLLECTION

This study was based on data collected from the Penn-
sylvania remining program because Pennsylvania has a
fully ‘operational, well-documented, and time-tested re-
mining program. Pennsylvania has been issuing remining
permits for over 10 years, and other Appalachian States
have begun the issuance of remining permits much more
recently. Remining programs in many of these States are
in their infancy or still in the formulation stages. Results
of this project are based on the Pennsylvania program in
terms of types of remining and abatement, stratigraphic
and geographic scope, basic hydrologic information, and
operational costs, which come from the information
contained in the remining permit files. However, an in-
depth analysis of the water quality and other quantitative
data of these sites is the main thrust of this project.

The Pennsylvania Department of Environmental Re-
sources (PADER), Bureau of Mining and Reclamation,
has been issuing remining permits in the bituminous coal
fields since 1983. However, the legislated remining pro-
gram was not approved until a few years later, The enact-
ment of Act 158 of 1984, which was an amendment to the
State Surface Mining Conservation and Reclamation Act,
formally permitted remining in Pennsylvania (Pennsylvania
Bulletin, 1985). The remining program in Pennsylvania
(Act 158, Subchapter F and G programs) was introduced
by use of a permit module (module 26) and a series of
standard special conditions by early 1986. These changes
to the Pennsylvania coal mining regulations required the
concurrent approval of the U.S. Office of Surface Mining
Reclamation and Enforcement and the U.S, Environment-
al Protection Agency (EPA), in accordance with the Fed-
eral Surface Mining Control and Reclamation Act. The
EPA concluded that effluent guidelines for discharges
from active coal mining operations (40 CFR, part 434) do
not apply to preexisting discharges that are not physically
encountered by a remining operation, To permit these
changes to Pennsylvania law, the EPA determined that
preexisting unencountered discharges required a case-by-
case establishment of effluent standards using best pro-
fessional judgment (BPJ) analyses under the provisions of
section 402(a)(1) of the Federal Clean Water Act (Penn-
sylvania Bulletin, 1985). Determination of the BPJ

analyses for remining situations is described by Kohlmann
Ruggiero Engineers (1986, 1990). Additionally, Phelps and
Thomas (1986) determined the economic and technical

* feasibility of surface mine reclamation involved in the BPY

analysis. It should be noted that if the degraded dis-
charges are physically encountered during mining, they
must be treated to meet the standards specified by 25 PA,
CODE, part 87.102, which is based on the effluent stand-
ards established by 40 CFR, part 434, Once these dis-
charges are no longer physically encountered by the min-
ing operation, the modified effluent standards, under the
Subchapter F program, are reinstated. Reinstatement gen-
erally occurs during the reclamation stages of a remining
operation. The statistical analysis of the water quality data
to create the modified effluent standards using the BPJ
analyses is performed by a computer program (REMINE)
created for the Pennsylvania remining program (PADER
and others, 1988).

Approximately 20 permits were issued prior to the in-
troduction of the formal Subchapter F program and mod-
ule 26 of the permit application. In these permits, re-
mining provisions were incorporated by use of a consent
order and agreement (COA); later, "special conditions"
were appended to the permit. Most of the background in-
formation pertaining to the remining operation was con-
tained in the COA. Under Subchapter F, most of the
background information and data pertaining to remining
are contained in the permit file, while provisions and ob-
ligations of the permittee are incorporated into the permit
by use of the standard special conditions. As of March
1992, over 90 of the latter type of remining permit had
been issued in the Pennsylvania bituminous district, bring-
ing the total number of permits to well over 100.

For this project, mining, pollution abatement, recla-
mation, and hydrologic data from 105 remining permits in
the bituminous region of central and western Pennsylvania
were collected (figure 3). The majority of the sites that
were reviewed had yet to be activated by remining or were
still being actively mined. For 24 of the surveyed sites,
mining has been completed (the sites have been backfilled
to rough grade), and at least 1 year of post-remining water
quality and flow data have been collected.
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WATER QUALITY STANDARDS FOR REMINING

The effluent standards for preexisting mine discharges
on remining sites are based on the pre-remining water
quality and flow rates. Remining effluent standards are set
as baseline contaminant loading rates calculated by multi-
plying contaminant concentration by flow rate, which are
reported in units of pounds of contaminant per day. This
is in contrast to the usual contaminant effluent limits,
which are in units of contaminant concentration (e.g., mil-
ligrams per liter), as set by EPA regulation in 40 CFR,
part 434.30, and by Commonwealth of Pennsylvania regula-
tion in 25 PA CODE, Chapter 87, part 87.102.

Sample Collection

Baseline contaminant loading rates are set during the
remining permit application process using a temporally
consecutive series of pre-remining water quality samples
along with measured discharge flow rates, Initially, a
minimum of 6 monthly samples were required to perform
these calculations, although 12 consecutive monthly sam-
ples were strongly recommended by the PADER. Some

permits issued prior to 1986 under the Pennsylvania
remining program had fewer than six samples because that
was permitted at the time. The PADER now requires 12
consecutive months of data or at least samples collected
from February through October, In Pennsylvania, sam-
pling the period from February through October will us-
ually record the highest and lowest loading rates (Smith,
1988). Calculation of baseline loading rates uses consec-
utive monthly sampling from an entire water year (Octo-
ber 1 through September 30) or water years. Partial
water-year data cannot be used, unless sampled from Feb-
ruary though October. In theory, 12 consecutive monthly
samples will include both dry and wet seasons in the back-
ground data set, which will more accurately characterize
the preexisting discharges,

Sample Analysis

At a minimum, the water samples must be analyzed for
concentrations of alkalinity, acidity, total iron, total man-
ganese, aluminum, sulfate, total suspended solids, and pH,



The contaminants are generally reported in units of mil-
ligrams per liter, except for pH, which is in standard units.
Discharge flow rate, usually reported in gallons per min-
ute, is gaged by various means including the use of weirs,
flumes, cross-sectional area with a flow meter, and the
bucket-stopwatch method. The weir appears to be the
most common method used for mine discharges over
38 L/min (10 gpm), while the bucket-stopwatch method
appears to be the main method for discharges with lower
flow rates. For the remining permits, the loading rates in
pounds per day are calculated by multiplying the flow and
concentration data. For this study, the flow data were
converted to liters per minute, and the loading data were
converted to kilograms per day.

The pre-remining water quality data are analyzed using
basic exploratory data analyses and nonparametric sta-
tistics. The results are presented in a tabular format con-
taining the data range, the median, the first and third
quartiles, the approximate 95% tolerance limits (depth of
32nds values or C spread), and the 95% confidence inter-
val about the median for each of the regulated contami-
nants (figure 4). For additional information on how these
values are calculated and what they represent, the reader
is directed to Tukey (1976) and/or Velleman and Hoaglin
(1981). These statistics become the site-specific tolerance
limits within which loading rates will be regulated during
and after remining,

Mechanisms that Trigger Treatment

Under the PADER system, there are four mechanisms
by which treatment of a discharge can be triggered

(initiated) using this table. The first triggering method
under this system requires a series of six consecutive
samples to exceed the upper bound of the approximate
95% tolerance limits (item 4 on figure 4). During and
after mining, discharge sampling is performed on a
monthly basis until all reclamation performance bonds are
released (generally Stage II bonds). If two consecutive
samples exceed the upper bound of the approximate 95%
tolerance limits for any of the specified contaminants, this
immediately triggers weekly sampling of the discharge. If
four consecutive weekly samples exceed the approximate
95% tolerance limits, then the operator must initiate
treatment within 30 days. If two consecutive weekly sam-
ples drop below the 95% tolerance limits, then monthly
monitoring resumes and treatment is not required at that
time. The mechanism to suspend treatment is not well de-
fined. No clear policy currently exists.?

Treatment can also be initiated (by the second trig-
gering method) if statistical analysis of the data indicates
that the median contaminant load during- or after-
remining has been increased compared with the pre-
remining median at the 5% significance level. This is de-
termined by comparison of the 95% confidence interval
about the median (figure 4, item 5) of the pre- and post-
remining data. For this method, the median is calculated
on a complete water-year basis (October 1 through
September 30).

The third triggering method uses the same method of
analyses, However, the median is determined for water-
year periods 1 (October 1 through April 30) or 2 (May 1

Michael Smith, PADER, personal communication,

Figure 4
Mine ID: Mine Name: Hydrologic Unit ID:
Loading in pounds per day
Parameter: Flow (gpm) Acidity Iron Sulfate
Number of samples (N): 43 43 43 43
1. Range Low: 3.00 0.07 0.00 28.27
High: 42.00 1.01 1.41 214.56
2. Median 12.00 0.29 0.21 99.53
3. Quartiles Low: 9.00 0.22 0.15 70.98
High: 17.00 0.41 0.60 132.63
4. Approximate 95% Low: 3.00 0.07 0.02 31.01
tolerance limits High: 34.00 0.82 1,29 210.47
5. 95% Confidence int. Low: 10.22 0.25 0.11 85.77
about median High: 13.78 0.33 0.31 113.28

Example of summary table of baseline contaminant loads, as required by PADER, Units are those used

Jor remining permits by PADER,
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through September 30). Finally, treatment can be trig-
gered if statistical analyses, including but not limited to the
means and variances of the data, indicate that the dif-
ference between water years or water-year periods is sig-
nificant at the 1% level (exceeds the 99% confidence
level).

For any of the triggering mechanisms, if the mine op-
erator can demonstrate to the PADER that the apparent
increase in contaminant load is unrelated to the min-
ing operation and is caused by factors beyond control of
the remining operation (e.g., adjacent unrelated mining

operations or an extreme storm event), treatment of the
discharge will not be required.

Treatment standards are likewise based on the data
contained in figure 4. The treated monthly discharge con-
taminant load average must be equal to or less than the
pre-remining median (item 2 on figure 4) and is calculated
based on the samples collected weekly. The instantaneous
maximum contaminant load permitted is based on a "grab"
sample and must be no greater than the upper quartile
("High" value of item .3 on figure 4). Both parameters
must be reported monthly, at a minimum,

GENERAL SCOPE OF REMINING

Stratigraphically, PADER remining permits have been
issued on 21 separate coal seams from the Pottsville
Group (Mercer Coal, Lower Pennsylvanian. age) through
the base of the Dunkard Group (Waynesburg Coal, Lower
Permian age). Not unexpectedly, the bulk of the permits
have been issued on coal seams that have historically seen
considerable surface and underground mining. Approxi-
mately 51% of the mining permits were issued to remine
the Freeport and/or Kittanning Coal Seams (Allegheny
Group). An additional 25% of the mining permits were
issued to remine the Pittsburgh Coal Seam (Monongahela
Group). Roughly 45% of the permits were for multiple-
seam operations, with up to six separate seams and/or
rider seams mined under one permit. Ten percent of the
permits were issued to allow coal refuse reprocessing to
remove the residual coal in abandoned gob (coal refuse)
piles.

BASIC STATISTICS

Mine areas permitted range in size from 1.3 to 310 ha
(3.1 to 766 acres), with an average of 45.7 ha (113 acres)
(table 1), However, the actual abandoned mine area with-
in the permitted boundary ranges from 0.4 to 160 ha (1 to
395 acres), with an average of 27.2 ha (67 acres) and a
median of 17.2 ha (42.5 acres). The abandoned area ex-
pressed in the permit to be reclaimed during remining
ranges from 0.2 to 71.2 (0.5 to 176 acres), with an average
of 15.3 (38 acres) and a median of 9.3 ha (23 acres). The
average abandoned area slated for reclamation is essential-
ly the same for underground and surface mines, 14.3 and
13.8 ha (35.3 and 34.1 acres), respectively. Overlap as-
sociated with multiple-seam mining can cause slight dif-
ferences between the total of the average abandoned
and/or reclaimed mine area and the sum of underground
and surface mine areas determined separately (table 1).
The average surface mine area slated to be reclaimed by
remining, 10.1 ha (25 acres), is substantially higher than
the average underground mine area to be reclaimed,

5.6 ha (14 acres). This difference is most likely because
the underground mines commonly yield 50% or less coal
per unit area than surface mines, and accurate deter-
mination of the coal reserves for underground mines be-
forehand is extremely difficult. Mine operators are also
probably less inclined to remine more of the underground
mine w0rkings because the amount of ground water stored
in and moving through underground mines is commonly
substantially greater than that of surface mines, This
additional mine water increases mining costs and is per-
ceived to represent a higher risk of incurring post-remining
treatment. The percentage of abandoned mine land within
a mine permit boundary. to be reclaimed averages 69%,
with a range of 4% to 105%. Multiple-seam mining allows
the reclaimed percentage to exceed 100%, because aban-
doned mines on two or more seams can overlap and the
percentage reclaimed is calculated based on the total area
given in the permit,

Table 1.—Total, abandoned, and reclaimed areas, hectares

Low High Mean Median

Total permitted ........... 1.3 3100 457 30.5
Total abandoned .......... 0.4 160.0 27.2 17.2
Total reclaimed ........... 0.2 71.2 15.3 9.3
Surface mine abandoned .... 0.0 71.0 13.8 6.3
Underground mine abandoned 0.0 1560 14.3 5.0
Reclaimed surface mine ., ... 0.0 62.7 10.1 5.0

Reclaimed underground mine 0.0 39.0 56 28

The amount of coal recovered by these types of opera-
tions varies widely (two orders of magnitude) from 11,794
to over 2,177,280 t (13,000 to over 2,400,000 st). The
amount of coal recovered is extremely important, because
this coal represents a mineral resource that might not oth-
erwise be recovered, without relief of treatment liability
for pre-remining mine drainage discharges, Without relief
under the remining program, most mine operators would
be unwilling to take the risk of having to provide perpetu-
al mine drainage treatment, and the coal resource of



abandoned sites would never be utilized. Furthermore, if
a site is reclaimed through the abandoned mine land pro-
gram, reopening it at a later date to extract the coal may
not be economically feasible. The average amount of coal
recovered per mine is over 317,520 t (350,000 st). How-
ever, the median, 186,998 t (206,127 st), is a better in-
dicator of the central tendency of the coal tonnages,
because the data are nonnormally distributed at the 99%
confidence level and are strongly skewed toward the lower
values (right) using the chi-square test. Figure 5 is a
histogram illustrating the distribution of these data.

The number of point-source discharges prior to mining
at the 24 mines studied ranges from 1 to 30. The average
number of discharges is four. In many of the permits, sev-
eral discharges have been combined to form hydrologic
units for simplicity of data analysis and sampling cost
savings, and because the location and number of dis-
charges commonly change after the site is mingd. A hy-
drologic unit is a portion of a surface mine comprising
discharges that are physically and/or hydrologically con-
nected. If a discharge relocates after remining, use of
hydrologic units allow comparison to known baseline con-
ditions. Hydrologic unit boundaries are usually defined
prior to permit issuance, although they may be modified
with additional geologic and hydrologic information ob-
tained as the site is remined. Combining of discharges can
be performed physically, where they are actually routed to
a common collection and monitoring point, or it can be
performed mathematically by summing the raw data col-
lected from each discharge point of a hydrologic unit prior
to analyses.

Median acidity loading rates before remining range
from less than 0.5 to over 4,880 kg/d (1 to over
10,760 1b/d), with an average of 165 kg/d (363.8 1b/d) and
a median of 20.3 kg/d (44.8 Ib/d). The sites with the low-
est loading rates are generally small abandoned surface
mines, while the highest loading rates have been recorded
at a really extensive underground mines. Both high flow
rates and generally high concentrations associated with un-
derground mines are the cause of these higher loading
rates. Median iron loading rates before remining ranged
from 0.004 to over 816.5 kg/d (0.01 to over 1,800 lb/d),
with an average of 17.2 kg/d (37.9 Ib/d) and a median of
0.54 kg/d (1.2 1b/d). Like the acidity loading rates, the
higher iron loads are directly related to the higher flows
and concentrations of underground mine discharges. Simi-
lar trends were noted for pre-remining sulfate loads. Al-
though sulfate is not an effluent standard parameter, it
serves as an conservative indicator of the geochemical re-
actions taking place within the remined site, Sulfate load-
ing rates range from 0.68 to over 10,342 kg/d (1.5 to over
22,800 Ib/d). The median sulfate load is 73.6 kg/d
(162.3 1b/d). Sulfate concentrations and loading rates may
indicate, along with other data, the reason for success or
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failure of remining to reduce the concentration or contam-
inant load, because the sulfate ion is released in the for-
mation of acid mine drainage (AMD). The concentration
of sulfate in the discharging water is indicative of the rate
of AMD production.

POLLUTION ABATEMENT

To obtain a permit to remine, an operator must outline
what actions will be taken in an attempt to abate or re-
duce the preexisting contaminant load. This information
is included in the permit application abatement plan. The
PADER fully recognizes that in most cases the pollution
will not be completely eliminated, but the operator must
nevertheless define what abatement techniques will be in-
stituted in an attempt to reduce the severity of the deg-
radation. The Pennsylvania remining program breaks
down abatement techniques into eight discrete categories:
regrading of abandoned surface mine spoils ("dead" spoils),
underground mine daylighting (surface mining of the re-
maining coal by the removal'of the overburden), revegeta-
tion, addition of alkaline material brought in from off site,
special handling of acid-producing spoil materials, hy-
drologic control of ground and/or surface water, sewage
sludge application, and all other remaining types.



Abatement Techniques

The abatement plans of most of the operations (90%)
included more than one technique to be employed during
mining and reclamation. The most common forms of
abatement were spoil regrading, underground mine
daylighting, and revegetation; each type was listed for 70%
of the permits. This was anticipated, because these tech-
niques would usually be part of the standard mining or
reclamation process whether or not the permits were is-
sued for remining sites. Alkaline addition (34%), special
handling of spoil materials (31%); and hydrologic control
measures (29%) were also listed as abatement procedures
for a significant number of permits. Because these tech-
niques entail actions that are in addition to the normal
surface mining procédures, it was not unexpected that they
were listed for only one-third of the permits. They entail
additional cost, time, and effort, and therefore are used
only where the other abatement measures inadequately ad-
dress the permit requirements for an abatement plan,
None of the permits listed sewage sludge application as an
abatement technique, and 5% listed "other." The lack of
sewage sludge disposal as an abatement technique may be
related to the considerable public opposition to this meth-
od, which usually prolongs and adds cost to the permitting
process, as well as the reluctance of mine operators to
employ a technique little known to them.

When regrading of dead spoils is part of the abatement
plan, cubic meters or cubic yards of spoil regraded is a
gage of the amount of abatement work to be performed.
Dead spoil is overburden material that the original mining
operation did not regrade or revegetate. The remining op-
erator will generally need to transport or regrade this
material while gaining little or no coal recovery. Data on
spoil regrading was available for 54 of the permits, The
amount to be regraded ranged from 3,823 to over
2,293,800 m? (5,000 to over 3,000,000 yd®), with an average
of 356,304 m? (466,000 yd%).

As stated above, roughly 34% (34) of the 105 sites list-
ed alkaline addition as part of the abatement plan. The
rationale for alkaline addition is that it will prevent or

abate the formation of AMD or neutralize AMD that has.

already formed. Carbonate-rich rocks (limestone or dolo-
stone) were the most commonly listed alkaline additives
(35%), when the type of material to be used was stated.
Carbonate-rich rock is commonly used for alkaline ad-
dition because of its widespread availability and relatively
low cost. Thirty-eight percent of the permits did not spec-
ify the type of alkaline material. The remaining 27% of
the permits listed a variety of materials, such as alkaline
coal ash or hydrated lime (Ca(OH),). A few of the op-
erators (24%) had the material chemically tested to
determine the neutralization potential (NP). The NP

values cited by these operators ranged from 1.75 to 950 g
of calcium carbonate equivalent per kilogram of material,
The amount of alkaline material added per acre was listed
in all 34 permits. The application rate ranged from 5.7 to
60,524 t/ha (2.5 to 27,000 st/acre). The site where the ap-
plication rate is 60,524 t/ha is also a fly ash and bottom
ash disposal permit, and the NP value is 58, which is
somewhat low (5.8% calcium carbonate equivalent). The
application rate for the majority of the sites (23) was be-
low 112.2 t/ha (50 st/acre).

Theoretically, the location of the alkaline material
placement within the mine backfill will determine the ef-
fectiveness of this practice in reducing the AMD contam-
inant load. The practice of "liming the pit floor" was used
in 18 out of 34 (53%) of the permitted sites. The alkaline
material was placed in the backfill, either intermingled or
placed in discrete lifts, in six (18%) of the sites. On one
site, the material was to be placed on top of the spoil and
below the soil horizon. Three sites used the alkaline ma-
terial as.a soil amendment, in part to promote. plant
growth... Bight permits did not specify where the alkaline
material was to be placed. A few permits hsted more than
one placement location.

Of the alkaline addition sites, eight also cmployed the
abatement practice of regrading of dead spoils. Thirteen
sites had alkaline addition in conjunction with underground
mine daylighting. Eleven sites listed both regrading of
dead spoils and underground mine daylighting along with
alkaline addition. For the remaining two sites, alkaline
addition was performed in conjunction with other abate-
ment practices. Most of the alkaline addition sites (31)
were for coals of the Monongahela and Allegheny Groups.
This is not necessarily because these coals are any more
prone to AMD production, but because these are the most
commonly mined coals in the bituminous region of
Pennsylvania.

Abatement Costs

The estimated costs of implementing the abatement
procedures, as submitted by the mine operators or their
permitting consultants, can be considerable. The costs
range from $0, when the operator considers the abatement
procedure to be part of the normal mining costs, to near
$4 million, when a considerable amount of work above
normal surface mining practices is required. The average
cost is near $340,000. The average abatement cost per
hectare is $25,723 ($10,410 per acre), with a range of $0 to
$256,980 per hectare ($0 to $104,000 per acre). With rec-
lamation bonds seldom exceeding $12,355 per hectare
(35,000 per acre), the higher range values may indicate
that the operator is bemg unrealistic or that the bondmg
rate is inadequate to insure reclamation of remining sites.
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Where the estimated abatement cost appears high,
based on the author’s experience, it may have been some-
what inflated in order to strongly illustrate to the PADER
why the operator should be given relief from treating the
existing discharges to the mandated effluent standards.
This illustration is required as part of the remining pro-
gram to show that a significant amount of reclamation is
being achieved. Of the 89 permits in which abatement
cost per metric ton of coal was determined, 24 listed

abatement costs above $1.36 per metric ton ($1.50 per -

short ton) of coal produced. The highest value given was
$7.73.per metric ton ($8.52 per short ton), which appears
to be greatly inflated.

One of the mechanisms to illustrate why the operator
should not be held accountable for treating the prere-

mining discharges to the State effluent standards (25 PA.

CODE, part 87.102), or somewhere between effluent
standards and baseline background levels, is to show that
the projected treatment costs would be prohibitive, This
is done on an incremental basis of 1-, 5-, and 50-year
treatment costs. The costs include treatment facility con-
struction, materials, electricity, chemicals, maintenance,
and sludge disposal costs. Table 2 lists the data from
treatment cost projections, The costs range from a low of
$11,044 for a single year of treatment to over $49 million
for 50 years of treatment. The cost of treatment for
50 years per metric ton of coal ranges over three orders of

magnitude, $0.17 to $870.88 ($0.19 to $959.96 per short
ton) with an average of $38.37 ($42.29 per short ton), or
$0.74 per metric ton ($0.82 per short ton) per year. Nor-
mality testing of these values illustrates that they are non-
normally distributed and are strongly skewed to the right.
The chi-square test illustrates that the nonnormal distribu-
tion is significant at the 99% confidence level. Therefore,
the median, $5.90 per metric ton ($6.50 per short ton), is
a better indicator of the central tendency of the data.
These data were available for 86 of the 105 sites reviewed.
Nine sites (10%) listed the 50-year treatment cost per met-
ric ton of coal below $1.36 ($1.50 per short ton), and 37
sites (43%) listed a treatment cost that exceeded $9.07 per
metric ton ($10.00 per short ton) of coal. The fact that
roughly 90% of the sites had projected treatment costs ex-
ceeding $1.36 per metric ton ($1.50 per short ton) of coal
indicates that for a vast majority of the cases, it is not an
economically viable option for operators to assume long-
term treatment liability, if they would have to meet State
effluent standards.

Table 2.—Total projected water treatmeht costs

Year 1 Year § Year 50
High .... $1,009,569 $4,922,672 $49,069,007
Low ..... 11,044 19,702 117,108
Average .. 121,618 489,056 4,545,035

WATER QUALITY

ANALYSIS OF DATA

In Pennsylvania, pre-remining water quality data are
used to determine the baseline loading effluent standards
that the operator will be held to during and after remining,
Prior to remining, the mine operator must collect and
chemically analyze a temporally consecutive series of mine
discharge water samples and measure the discharge flow
rate. The baseline contaminant loading rates are estab-
lished using these data. These data are submitted as a
required part of the remining permit application, as shown
in figure 4. Statistical analyses, primarily exploratory data
analysis (schematic summary), are employed to ascertain
if the post-remining discharges have been degraded rela-
tive to baseline conditions. The statistical analysis is
performed by using a computer program (REMINE) espe-
cially developed for the Pennsylvania remining program
(PADER and others, 1988). If the contaminant loads are
below limits based on baseline contaminant loads, the re-
mining operator is released of liability at the completion
of all other reclamation and time requirements.

To adequately evaluate the effectiveness of remining, a
basic understanding of the water quality and discharge
flow rate characteristics is required. Success of a remining

operation is defined primarily by the lack of additional
mine water contamination (technically, a decrease in the
contaminant load is required) and by the reclamation of
abandoned mine lands. The amount of reclamation
achieved by the operation is easily quantifiable in terms of
abandoned mine areas regraded and revegetated, linear
meters of highwall eliminated, or area of underground
mines daylighted. However, the determination of changes
in water quality and/or flow rate is much more difficult to
quantify. In order to accurately assess changes caused by
remining, trends and characteristics of the pre- and post-
remining water quality and flow rates must be evaluated in
an unbiased manner,

RELATED STUDIES

The majority of previous studies pertaining to analyses
of ground water quality data are unrelated to coal mining
or remining. This section was written to acquaint the
reader with characteristics of hydrologic data from acid-
producing coal mines using normality testing (skewness
and chi-square), exploratory data analyses (notched box-
and-whisker plots), and ranked correlation coefficient
determinations (Spearman’s rank correlation). The author
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fully acknowledges that there are numerous other testing
techniques and methodologies applicable to these data that
were not used here, including but not limited to season-
ality and serial dependence tests.

There are very few studies regarding the environmental
impacts of remining of coal mines. Smith (1988) and
Hornberger and others (1990) analyzed the effects of sea-
sonal variations on pre-remining flow rates, acidity con-
centrations, and acidity loads of three mine discharges in
Pennsylvania. The discharges were located in three differ-
ent hydrogeologic settings and exhibited distinctly different
characteristics, Discharge characteristics were categorized
as (1) "high flow - low concentration" or "low flow - high
concentration,” (2) "steady or damped" response (a slight
or a delayed and subdued change in concentration in
response to flow changes), and (3) "slugger" {discharge
flow increases were not accompanied by any significant
change in acidity concentration). Discharge flow rate was
observed to dominate the acidity loading determinations;
therefore, a strong positive correlation between flow and
load is anticipated. The research indicated that sampling
to determine contaminant loading rates should be of ade-
quate duration and consistent frequency to accurately char-
acterize both high and low flow periods of a discharge, not
overemphasizing any one period (Smith, 1988).

Hornberger and others (1990) discussed spatial dis-
tribution of AMD in Pennsylvania and temporal variation
patterns in different types of AMD discharges. They de-
termined that 78% of the total amount of AMD was pro-
duced by abandoned or inactive coal mines. Underground
mines accounted for approximately half of the sources, but
contributed more than half of the AMD produced. They
concluded that any effort to characterize an AMD dis-
charge must take into consideration the common varia-
bility in flow and quality.
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Helsel (1983) analyzed streams from mined and un-
mined watersheds in eastern Ohio to determine the in-
fluence of mine and rock type on water quality. He
determined that overburden lithology influenced several
water quality constituents. The water quality data ex-
hibited neither a normal nor lognormal distribution. The
effects of mine and rock type on water quality were more
adequately shown using analysis of the ranks of the data,
rather than analysis of the actual data values.

Previous research has indicated that under many non-
mining-related circumstances, hydrologic data are generally
nonnormally distributed (Berryman and others, 1988). Re-
searchers have observed that water quality data tend to be
asymmetric and skewed right (Hirsch and Slack, 1984;
Montgomery and others, 1987). Given these nonnormal
tendencies, the use of parametric statistics, which are
sensitive to assumptions of normality, may lead to er-
roneous determinations of degradation or nondegradation.
Montgomery and others (1987) and Helsel (1987) sug-
gested using nonparametric statistical methods for non-
normally distributed data or performing some form of data
transformation to approximate a normal distribution prior
to statistical analyses. Logarithmic transformation will
commonly eliminate skewness and asymmetry, transform-
ing these data into an approximate normal distribution
(Harris and others, 1987; Norcliffe, 1977).

There are numerous statistical methods for the deter-
mination of data normality. Harris and others (1987)
stated that the skewness test is the best for ground water
quality parameters and that the commonly used chi-square
goodness-of-fit test does not work as well for these types
of data. However, when the sample size is small (under
24), all of the tests for the assumption of normality begin
to lose statistical validity (Montgomery and others, 1987).

DISCUSSION OF STATISTICAL METHODS

This section presents the results of univariate and bi-
variate statistical analyses of data from 57 mine discharges
emanating from 24 coal remining operations in the bitumi-
nous coal fields in western Pennsylvania (figure 6). These
24 remining operations were selected from the larger
group of 105 potential sites. The remining operations that
were selected possessed sufficient post-remining hydrologic
data (a minimum of 1 year, dating from rough backfilling)
to permit direct comparison with the baseline data,

Of the hydrologic data obtained from the remining
permits, only acidity, total iron, sulfate, and flow rate are
discussed here. Under present Pennsylvania remining reg-
ulations, effluent standards for acidity and iron loading
rates are mandated for all permits, regardiess of the actual

concentration of each parameter with respect to the legis-
latively mandated effluent standards. Sulfate, although not
a regulated contaminant for surface water, was included in
these analyses because it is generally a conservative in-
dicator of AMD production. Increases in the sulfate con-
tent of mine water in the Appalachian coal mining region
indicate an acceleration of metal sulfide, primarily iron
disulfide (pyrite), oxidation. Sulfate ions (SO,2") are re-
leased as a result of this reaction. Sulfate concentration is
little affected by geochemical changes to the mine water
(e.g., pH changes and increases in acidity and dissolved ox-
ygen), and sulfate remains in solution to relatively high
levels, governed primarily by the calcium concentration
and the solubility of gypsum (CaSO,+2H,0).
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Location of 24 study sites used in comparison of pre- and post-remining data.

AMD is created when metal sulfide minerals (com-
monly pyrite) oxidize and the oxidation products are sub-
sequently mobilized. Ground water serves as the transport
medium of these oxidation products. Recharge events
tend to “flush out" the oxidation products as the wetting
front moves through the unsaturated portion of the spoil.
When coal is surface mined, the overburden material is
broken up into particles ranging in size from clay
(<0.002 mm) to boulders (>256 mm). This fragmentation
greatly increases the rock surface area, exposing additional
pyritic minerals to atmospheric oxygen and iron-oxidizing
bacteria. This promotes a state of geochemical flux for a
period of time after mining, Based on subsidence observa-
tions and extensive aquifer testing, mine spoil continues to
undergo considerable physical changes caused by compac-
tion, shifting, and piping by ground water for at least
30 months after reclamation (Aljoe and Hawkins, 1992).
Spoil continues to physically change well beyond these ini-
tial 30 months, but does so at a much reduced rate. All of
these physical processes directly affect the hydraulic prop-
erties of the spoil aquifer.

The number of mine discharges sampled at each of the
24 sites ranged from 1 to 5, totaling 57. The pre- and

post-remining data were analyzed as separate data sets
because of significant physical and geochemical changes
that can occur to the mine spoil aquifer during mining and
subsequent reclamation. The baseline sampling period
ranged from 3 to 42 months with the collection of 3 to 38
samples. All but two sites had a minimum of six pre-
remining samples. The average pre-remining sample set
contained 17 samples. The post-remining sampling period
ranged from 12 to 65 months with 7 to 71 samples col-
lected, with an average of 30 samples. Table 3 sum-
marizes the median concentrations and flow rates for the
24 sites. Appendix A is a table summarizing the loading
rates for these sites. For portions of the statistical anal-
yses, the data were further differentiated into underground
mine and surface mine discharges to ascertain potential
differences between pre- and post-remining data based on
these mine types.

TESTS FOR NORMALITY

Discharge flow rate, contaminant concentration, and
loading rate data before and after remining were tested for
normality using-the skewness test and the chi-square



goodness-of-fit test. The results of these analyses are sum-
marized in table 4, The data were tested for normality at

Table 3.—Raw remining data'

Post-remining

Pre-remining-
Site n Flow, Acidity, Iron, Sulfate, n Flow, Acidity, Iron, Sulfate,
L/min mg/L. mg/L mg/L L/min mg/L mg/L mg/L
i. 17 8 .19 0.2 339 13 4 30 0.2 420
2, 21 1,181 321 241 814 41 1,283 261 20.5 852
3. 22 23 511 62.0 1,132 14 4 512 36.0 1,089
4 . 10 144 43 2.9 92 45 155 162 219 602
5. 38 193 18 0.1 181 19 182 11 0.1 118
6 . 21 110 143 2.7 732 16 140 128 2.3 722
7. 31 . 469 1,020 11.3 1,077 1 466 850 12.8 1,087
8 . 10 204 777 99.3 1,695 40 117 294 37.6 2,189
9. 4 261 1,447 58.1 2,671 16 95 742 54.7 2,230
10 9 250 4 0.6 §3 33 144 3 0.5 51
11 6 280 302 10.9 991 17 38 262 6.7 882
12 . 12 462 58 0.2 NA 63 140 23 0.4 326
13 11 53 5 0.2 NA 56 30 10 0.2 649
14 ‘28 1 9 1.2 159 46 15 _ 9 0.8 204
15 9 19 136 35 236 24 8 299 1.6 876
i6 .. 3 189 456 295.0 1,430 71 148 541 218.5 1,202
17 .. 26 64 80 1.0 515 43 45 2 1.7 690
18 .. 24 265 2 0.4 163 33 348 10 0.3 270
19 .. 18 34 16 0.2 74 36 42 83 1.1 446
20 .. 8 140 208 3.3 740 7 4 19 0.5 749
21 .. 16 42 90 25 231 21 61 90 2.6 379
22 .. 28 238 231 4.8 931 10 428 151 59 779
23 .. 8 344 89 4.6 253 25 220 127 9.8 374
24 .. 18 11 566 64.1 673 12 0 677 176.8 1,816
1Al data are median values, except n, which is the number of samples
Table 4.—Results of tests of normality for 57 samples’
Skewness test Skewness Chi-square test
P<0.05 P>0.05 Left Right P<0.05 P>0.05 NA2
PRE-REMINING

Flowrate ....... 45 12 12 45 12 1 44

Acldcone.,..... 35 22 22 35 4 7 46

Acid load ...... . 42 18 8 49 9 2 46

Ironconc ....... 40 17 1 46 6 4 47

Ironload ....... 45 12 10 47 10 4 43

Sulfate conc ... .. 28 24 22 30 4 8 40

Sulfate load .. ... 42 10 12 40 1" 1 40

POST-REMINING

Flowrate ....... 41 16 7 50 21 7 29

Acidconc....... 35 22 13 43 21 6 30

Acidload ....... 40 17 3 54 24 5 28

lroncono ....... 52 5 6 51 17 8 31

Ironload ....... 42 15 5 52 25 4 28

Sulfate conc ... .. 27 27 15 37 12 12 28

Sulfate load . .... 35 17 2 50 15 8 29

1A P value greater than 0.05 indicates the data were not normally distributed at the 5% significance level; a P
value less than 0.05 indicates that the assumption of normality cannot be rejected with greater than 95%

confidence,

2Not available. Insufficlent degrees of freedom to adequately conduct the chi-square test.
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the 5% significance level, and form of skewness (left or
right) was determined.
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Skewness Test

The skewness test determines normality by comparison
of the absolute value of the skewness coefficient for each
data set to tables of calculated values based on the appro-
priate sample size and the significance level (Harris and
others, 1987). Positive values of the coefficient indicate
the data are right skewed, and negative values, left skewed.
For a given sample size, if the skewness coefficient is
greater than the tabulated value, the data set is determined
to have a nonnormal distribution. Harris and others
(1987) tabulated skewness coefficient values at the one-
tailed 5% and 1% significance levels on the basis of Monte
Carlo random-number simulations using as many as 10,000
randomly generated data sets. Each data set ranged in
size from 9 to 30. Tables presented by Snedecor and
Cochran (1971) list skewness coefficient values at the 5%
and 1% significance levels for data set sizes ranging from
25 to 500. Both table sets were utilized for the skewness
test for normality on the data evaluated herein,

Analysis of the skewness test results indicates that the
flow rate, concentration, and loading rate data are general-
ly nonnormally distributed at the 5% significance level. A
possible exception to this trend is the sulfate concentra-
tion. The nonnormally distributed sulfate concentration
data only slightly outnumber those that are normally dis-
tributed for both pre- and post-remining periods. How-
ever, for other parameters, nonnormally distributed data
exceed the normally distributed data sets by at least a two-
to-one margin. In total, the distribution of pre-remining
variables is 277 nonnormal compared to 112 normal. The
margin of the post-remining total is slightly less, 272 to
117. The dominating influence of flow on the loading rate
is indicated by the differences between the pre- and post-
remining distribution of sulfate concentrations and sulfate
loads. Sulfate loads are similar to the corresponding flow
and dissimilar to the distribution for the sulfate concentra-
tions for each period. This indicates that the flow influ-
ence on load overrides the sulfate concentration influence.
This strong influence of flow on load determination is ex-
tremely important information for the formulation and im-
plementation of abatement techniques intended to reduce
the contaminant load.

Table 4 illustrates that the data sets are predominantly
skewed right (toward lower values). The ratio of right to
left skewed data ranges from a low of approximately 1.4 to
1 for pre-remining sulfate concentration to a high of 25 to
1 for post-remining sulfate load. In general, the number
of concentration data sets skewed right for the post-
remining period exceeds that for the baseline period. This
may be related to the state of flux of the post-remining
spoil aquifer, which yields periodic extreme concentration
and/or flow values. The skewness form of the loading
data sets is more predominantly to the right than either

the flow rate or the concentration data sets. This increase
in skewness appears to be caused by the interdependence
of concentration and flow (e.g., concentration increases
caused by flushing or concentration decreases caused by
dilution). The overwhelming majority of the pre- and
post-remining data sets tend to be skewed right, 629 out of
777 (81%). These trends are similar to those observed by
Montgomery and others (1987) for ground water quality
not related to coal mining activities.

Chi-Square Test
The chi-square "goodness-of-fit" test procedure cal-

culates a statistic that permits a comparison of the ob-
served frequencies to those of a known distribution (i.e.,

- normal). As the difference between the observed frequen-

cies and a normal distribution increases, the chi-square
statistic becomes larger. The greater the chi-square val-
ues, the greater the probability that the two distributions
are dissimilar. Some of the data sets consist of relatively
few observations, and therefore have insufficient degrees
of freedom to adequately conduct the chi-square test. This
is illustrated in table 4.

Table 4 indicates that the chi-square test produces
similar results overall as the skewness tests. However,
because of the nonapplicability of the chi-square test for
many of the data sets, a direct comparison is not possible.
The chi-square test results illustrate that the majority of
the flow, concentration, and loading rate data are non-
normally distributed at the 5% significance level. How-
ever, there are some inconsistencies within the contam-
inant concentration data sets before and after remining.

Chi-square testing of the pre-remining contaminant
concentration data sets indicates that they are more
commonly normally distributed than nonnormally distrib-
uted by a margin of 19 to 14. Conversely, the postre-
mining data tend to be more often nonnormally distributed
than the pre-remining data (50 to 26). The pre-remining
acidity and sulfate concentration data sets are normally
distributed by a two-to-one margin over nonnormally dis-
tributed data. The pre-remining iron concentration data
exhibit a tendency to be nonnormally distributed at the 5%
significance level. The post-remining data are mainly
nonnormal for acidity and iron concentrations at the 5%
significance level. Post-remining sulfate concentration is
equally likely to be normally or nonnormally distributed.
The differences in distribution between pre- and post-
remining concentration data may be related to the limited
number of tests that could be adequately conducted on
these data sets compared with the skewness tests.

The chi-square testing indicates that the contaminant
loads exhibit similar distributions as the corresponding



flow data (table 4). This suggests that flow rate strongly
influences loading rates, as was observed by Smith (1988)
for acidity. This is especially evident for the pre-remining
acidity and sulfate, for which concentrations are mainly
normally distributed. Chi-square tests on the correspond-
ing loading data sets indicate that they are primarily non-
normal at the 5% level, mirroring the trends of the flow
data sets. If surface recharge and ground water flow into
and through these minesites can be controlled, the mine
operator may be able to engineer a reduction in discharge
outflow and, in turn, contaminant load during mining or
reclamation. Recharge-limiting abatement practices, such
as regrading spoil piles to promote surface runoff and seal-
ing of the highwall and exposed mine entries to reduce lat-
eral inflow, should be the most successful in reducing the
contaminant load.

EXPLORATORY DATA ANALYSIS

One of the tools of exploratory data analysis is the
"notched box-and-whisker” plot. This type of plot is used
to graphically display several basic statistical parameters.
These plots are useful for a visual comparison of subsets
of data (see figures 7 through 10). The bottom and top
ends of the box correspond to the first and third quartiles
of the data—the central 50% of the data from the 25th to
75th percentiles (interquartile range) are contained within
the box. The width of the box is directly proportional to
the square root of the number of observations in the rep-
resented group. The vertical lines, or "whiskers” on the
top and bottom of the box extend to the largest or smallest

Figure 7
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observation within 1.5 times the interquartile range. Ex-
treme values lying between 1.5 and 3.0 times the box
length beyond the box ends are possible outliers and are
represented by squares. Any value greater than 3.0 times
the interquartile range from the end of the box is con-
sidered an extreme outlier and is marked with a plus sign

Figure 8
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(+). Within each box, the horizontal line denotes the
median of the data and notches (indentations) in the sides
of the box approximate the 95% confidence interval about
the median. The median rather than the mean is evalu-
ated because it is a more consistent indicator of central
tendency of nonnormally distributed data. When notched
box-and-whisker plots are compared, if the notches about
the median of comparable box plots do not overlap, then
the medians are said to be significantly different at the
95% confidence level. For additional information on
notched box-and-whisker plots, the reader is directed to
McGill and others (1978).

Figure 7 is a notched box-and-whisker plot representing
the sum of the median flow rate measurements for each
site, classified by mine type (underground and surface
mines) before and after remining, respectively. The com-
parison of flow rate characteristics for surface and un-
derground mine discharges before and after remining in-
dicates that there is no significant difference (at the 95%
confidence level) of the median values.

Figure 8 exhibits the average acidity concentration de-
termined for each mine using the individual discharge me-
dian values. If the site had only one discharge, then the
average concentration was equal to the site median. As
with figure 7, these data were plotted on the basis of pre-
remining and post-remining, underground and surface
mine discharges. Figure 8 illustrates that the pre- and
post-remining medians of the acidity concentrations for
underground mines are significantly higher at the 95%
confidence level than the acidity concentrations for surface

Figure 10
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mines. Higher acidity values are exhibited by the under-
ground mines because ground water flows almost exclu-
sively through the portions of the mine where pyritic ma-
terial (relatively high-sulfur coal, seat, and roof rock) is
exposed and AMD forms, Conversely, Hawkins and Aljoe
(1991) observed that in surface mines, ground water flows
through relatively discrete paths in the highly fragmented
poorly sorted spoil material. Portions of the spoil may
consist mainly of acid-forming materials (e.g., high-sulfur
carbonaceous black shales, sandstones, and spoiled coal),
while other parts may consist mainly of alkaline-forming
materials (e.g., limestones and carbonate-rich shales).

The underground mine discharges generally exhibit a
broader range of values, excluding the outliers and far
outliers, than the surface mine discharges in figure 8. The
broad range of acidity concentration exhibited by the un-
derground mines may be related to the broad range of site
ages. The abandoned underground mines may be up to,
and in some few cases more than, 70 years old. In the
older sites, natural amelioration of the AMD-forming
mechanisms over time may result in lower acidity values as
the exposed pyritic minerals are exhausted. Relatively
newer underground mines, in the same coal seams and in
the same region, may yet be yielding elevated acidity
concentrations. Similar natural amelioration was observed
by O’Steen and Rauch (1983) at surface mines in northern
West Virginia, Natural amelioration processes have had
less time to influence the relative severity of discharges
from abandoned surface mines because most surface
mines date from the early 1970’s and so are about 20 years
old or less. In figure 8, post-remining acidity concen-
tration is nearly identical to the pre-remining plot, in-
dicating little change occurred relative to the abandoned
mine type.

Figure 9 is a plot of the average iron concentration de-
termined from the individual discharge median values.
The configuration is similar to that for the acidity con-
centrations (figure 8), although more subdued, The un-
derground mine iron concentration median is higher than
the median for surface mines, although the differences
between the medians are not significant at the 95%
confidence level. The trends observed for iron concen-
trations are related to the same causal factors as the
trends for acidity. The post-remining iron concentration
plot is not significantly different from the pre-remining
plot with regard to the mine type.

Figure 10 represents a plot of the average of the pre-
and post-remining discharge sulfate concentration medians
for each site, As exhibited by the plots of acidity and iron
concentrations, the underground mine median values are
higher than those for surface mines. The difference be-
tween the medians is not significant at the 95% confidence
level for the pre-remining data. The pre-remining inter-
quartile ranges are likewise larger for the underground



mines. The post-remining sulfate values, although some-
what similar to the pre-remining values, exhibit a sig-
nificant difference by mine type at the 95% confidence
level. This is caused by a rise in the underground mine
median and a narrowing of the approximate 95% confi-
dence interval about the median (notches) of the under-
ground mine data. Figure 10 illustrates that daylighting of
the abandoned underground mines greatly decreases the
range of variability in sulfate concentration.

Notched box-and-whisker plots (shown in appendix B)
were created for pre- and post-remining of the acidity,
iron, and sulfate loads for underground and surface mines.
The configuration of these plots is similar to those of the
corresponding concentration plots, indicating that concen-
tration does to some extent influence load. None of the
loadings differ significantly at the 95% confidence level,
between underground and surface mines. The plots for
flow pre- and post-remining (figure 7) do not exhibit sig-
nificant differences in the medians at the 95% confidence
level. This indicates that flow rate may have a stronger
influence on loading than concentration does, which cor-
responds to trends exhibited by the normality test results.
This is especially evident where the contaminant con-
centration exhibited significant differences at the 95%
confidence level.

NONPARAMETRIC CORRELATION

Correlation coefficient is a measure of the interrela-
tionship between two variables from which the degree of
statistical significance can be determined. Correlation co-
efficient is generally determined using parametric testing
procedures (Davis, 1986). However, the flow, concentra-
tion, and load data in this study are mainly nonnormally
distributed. An attempt to transform these data into an
approximate normal distribution using a log transformation
was unsuccessful. Therefore, nonparametric methods must
be used to determine the correlation coefficient.

Spearman’s rank correlation is a nonparametric test
that determines the similarity or dissimilarity of two data
sets. This procedure uses ranked data sets to calculate the
correlation coefficient, instead of using the actual data
values (Davis, 1986). The correlation coefficient ranges
from +1.0 to -1.0, which indicate a perfect positive and
negative relationship, respectively. A table of critical
values of Spearman’s rank correlation (r) is substituted for
the standard t-distribution table, because the t-test is based
on the assumption that the data are from a bivariate nor-
mally distributed population. The table of critical values
is used to determine the significance of the correlation co-
efficient (Davis, 1986). For the purposes of this study, the
significance was established at the P = 0.05 level.

. Spearman’s rank correlation coefficient values were cal-
culated to determine the interrclationship that flow and
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concentration have with the corresponding loading rate.
The results, summarized in table 5, once again illustrate
that flow is much more often strongly correlated to the
contaminant load than is contaminant concentration.

Table 5.—Significant correlations using SPearman's rank
correlation for 57 samples

Pre-remining Post-remining
Acidity lron Sulfate  Acidity lron Sulfate

Flow (+) .. 42 29 37 51 42 51
versus

Load () ... 0 0 0 0 1] 0
Cone (+). .. 10 14 8 30 30 12
versus

Load (-} ... 5 5 4 7 2 6

values are number of data sets exhibiting a significant posi-
tive (+) or negative (-) correlation at P = 0.05 level.

Approximately 82% of the pre- and post-remining acid-
ity loadings (93 of 114 samples) are significantly correlated
to the flow rate, while the concentration exhibits a signif-
icant correlation (positive or negative) to load for slightly
less than half (52 of 114) of the cases. The flow rate cor-
relations are in all cases positive, indicating that flow
increases are accompanied by load increases. Significant
correlations of flow to acidity load increased moderately
from pre- to post-remining, Pre-remining acid concentra-
tion exhibits a positive correlation to contaminant load
about one-fourth as often as flow. Post-remining acidity
concentration is correlated positively to load three times as
often as pre-remining acidity data. This increase may be
related to the state of geochemical and hydrologic flux that
exists for a few years after reclamation. Pyrite oxidation
products, formed while spoil is exposed to atmospheric
oxygen during mining, tend to get flushed out in "slugs" of
contaminant by recharge events in the period following
reclamation. In five cases, pre-remining acidity concen-
tration exhibits a negative correlation to load. This may
be caused by dilution from high flow events, as with the
type 1 discharge described by Smith (1988). Negative cor-
relations between acidity concentrations and load for the
post-remining data are not substantially different from
those for pre-remining data.

The weakest correlation of flow rate to contaminant
load of the three contaminants analyzed is observed for
iron. About 51% (29 of 57) of the pre-remining iron load-
ings are strongly correlated to the flow rate, compared
with about 25% (14 of 57) of the cases in which iron con-
centration exhibits a significant positive correlation to load.
After remining, the number of strong correlations of flow
to iron contaminant load increases moderately to 74% (42
of 57). After remining, the instances of positive corre-
lation of iron concentration to contaminant load double to
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53% (30 of 57). Five discharges show a negative correla-
tion of iron concentration to load before remining. The
number of negative correlations between iron concentra-
tion and load (two) is not substantially different after
remining,

Almost 89% of the pre- and post-remining samples for
flow rate versus sulfate loadings (88 of 99 samples) are
significantly correlated (all positive). A lower total num-
ber of possible sulfate correlation values occur because
pre-remining sulfate data are not available for 15 discharge
points. No negative flow-to-load correlations were noted.
For sulfate concentration, as for acidity and iron con-
centrations, the number of strong correlations of flow rate
to contaminant load increases from pre- to post-remining,
Of all the contaminants, combined pre- and post-remining
samples for sulfate concentration versus load exhibit the
lowest number of significantly correlated (positive and
negative) data, 30 out of 99. Correlations of sulfate con-
centration to load, both positive and negative, change very
little because of remining.

Overall, significant positive correlations of flow rate
versus loading outnumber positive correlations of concen-
tration versus loading by over 2 to 1 (252 to 104). The
increase of the post-remining positive correlation of flow
rate and concentration to load may be related to the pre-
viously discussed state of geochemical and physical flux of
mine spoil during this period. The water table is in the
process of rebounding (reestablishing), while the spoil is

undergoing considerable changes that directly affect the
transmissive properties of the aquifer. High recharge
events will tend to flush out high levels of contaminants
from the freshly exposed and oxidized pyrite, while also
yielding higher discharge rates.

All negative correlations are exhibited by contaminant
concentration to load. This may be caused by dilution of
contaminants from increased flow rates; also, in the cases
of acidity and iron, geochemical changes of the ground
water may reduce concentrations through chemical reac-
tion. During high flow events the sources and flow paths
of the ground water may change, thus facilitating water
quality changes. Chemical reactions, brought on by
ground water quality changes, can reduce the acidity and
iron content, but generally will not affect the sulfate

* content (at the levels of sulfate observed). Because the

number of negative sulfate concentration-to-load correla-
tions is similar to those for iron and acidity, dilution and
not geochemical reactions appears to be the main cause of
most of these negative correlations.

The Spearman’s rank correlations indicate, as did the
normality tests and the notched box-and-whisker plots, that
for determination of contaminant loading rates, flow rate
is the main controlling factor, Concentration is a sub-
ordinate factor. Thus, a reduction in contaminant load is
almost a certainty, if recharge to the ground water can be
diminished through mining and/or reclamation (abate-
ment) practices.

PRE-REMINING SAMPLING ADEQUACY

One of the main objectives of this analysis was to de-
termine to what degree a discharge will, from natural
processes, exceed a set of simulated effluent standards
(SES) for acidity, iron, and sulfate loads. These SES were
established by the USBM using the PADER method for
6-, 9-, and 12-month sampling periods and varying sam-
pling frequencies. Acidity and iron were included in this
part of the study because they are mandated effluent pa-
rameters under the Pennsylvania remining program. Sul-
fate was included because, as previously stated, it is a
relatively conservative indicator of AMD.

To determine the adequacy of baseline background
sampling for mine discharge characterization, the 105 re-
mining permit files were reviewed. From these files, 39
permitted operations with a total of 115 discrete discharges
were selected for this portion of the project. The study
site locations are shown on figure 11. Site selection cri-
teria were based solely on the site having a baseline sam-
pling period of 18 months or more.

The background data were analyzed using the system
currently employed by the PADER, as described in the
section "Water Quality Standards for Remining." The data

were analyzed to determine the optimum sampling fre-
quency and duration that would most accurately charac-
terize baseline contaminant load. A maximum of 1 year
sampling duration for establishing the SES was placed on
this study. This is based on the assumption that 1 year is
the maximum length of time that the majority of mine op-
erators will find acceptable in terms of increased cost and
extended permitting time. Proposed remining policy of
some coal-producing States has included baseline sampling
beyond 12 months, and there is little question that longer
sampling time will better characterize the pollution load.
However, sampling for 1 year is sufficient to include both
high and low flow discharge conditions.

In Pennsylvania, the mine operator collects a temporally
consecutive series of pre-remining discharge water sam-
ples, along with discharge flow rate measurements, Efflu-
ent standards for the remining contaminant loading rate
(e.g, pounds of contaminant per day) are established
based on the analyses of these data. This baseline back-
ground sampling is crucial for the determination of
changes to the discharges caused by remining. Insufficient
characterization of discharge contaminant load could
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falsely indicate increased or decreased degradation caused
by remining. Subsequently, this false indication could
cause a mine operator to be incorrectly held responsible
for treatment. Conversely, under characterization could
cause an operator to be released from treatment liability
when the discharge quality has actually been degraded.
The large number of discharges (115) precluded anal-
ysis of individual discharges to .determine if the bascline
sampling occurred during a period of normal precipitation
or an unusually wet or dry period. The lengthy period (18
months or more) over which discharges were monitored
should help reduce the impact of abnormally wet and dry
periods on the baseline load. It is difficult to ascertain
which time interval will accurately represent a discharge in
terms of load. However, the sampling represents data
collected randomly throughout an 1l-year period from
September 1980 through November 1991. The sampling
of individual discharges ranged from 18 to 86 months
within that period. The large number of discharges
sampled within the 11-year period may diminish the
impact that a protracted wet or dry period or year has on
a few discharges. It was not the intent of this portion of
the study to determine what sampling period accurately
represents individual discharges, but rather to determine

the optimal sampling scenario for remining based on
actual data.

DATA ANALYSIS AND DISCUSSION

Pre-remining data from the 115 discharges were used to
examine the effect of different sampling frequencies and
durations on the bascline contaminant characterization.
The number of discharges ranged from 1 to 10 per site,
with a median of 2. These 39 mining operations were se-
lected based on the criterion that they possessed 18
months or more of background hydrologic data prior to
site activation from mining activities. These operations are
primarily remining abandoned surface mines and/or day-
lighting (surface mining) abandoned underground mines.
However, a few of the operations are coal refuse re-
processing operations.

There are a multitude of previous studies on the ade-
quacy of sampling of surface and ground water for situ-
ations other than coal mining, which rely primarily on
highly complex statistical methodology. Rather than con-
ducting another of these studies, it was decided that an
empirical analysis of actual data could sufficiently de-
termine an effective background sampling scenario to best
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characterize the discharges. A theoretical statistical study
would be highly subjective and would be based on the
prevailing thought at that time, whereas analysis of actual
data should more objectively analyze the problem and be
specific to coal mine discharges.

The sampling frequency varied from less than one to
four samples per month. The SES were established using
the PADER system of data analyses to characterize the
discharges. The study required that each discharge have
a minimum of 1 year of monitoring data following the
sampling interval used to create the SES and before the
site was activated by remining activities. For example, if
the SES were calculated based on a 12-month sampling
period, at least 24 months of preactivation data were re-
quired. The time interval between the SES calculation and

site activation was used as a site-specific testing period to -

determine how often a discharge would naturally initiate
treatment under the first two triggering methods of the
PADER. The methodology of the second triggering meth-
od not only permits determination that the test period data
significantly exceed the SES, which triggers treatment, it
also permits the determination that the test period data
are significantly below the SES. If the test period data are
significantly below the SES, this indicates that the SES
may have overestimated the contaminant load. Table 6
summarizes the data used to create the SES and the post-
SES test period.

Table 6.—Test site and discharge data

SESperfod ............... 6 9 12
months months months

Number of samples used in SES

calculations:
High ..o 13 24 31
Low .. it 2 [ 6
Mean ..oy 7.5 13 18

Number of samples in post-SES
testing period:

High ...ooviiooiiiona 114 107 101
LOW i e 6 g 8
Mean ... i 36 40 35

Number of months post-SES
samples were taken:

High oo i oo 80 77 74
Low oo 12 12 12
Mean ........... ..\, 28 31 27
Number of discharges used In
SES calculations ......... 115 81 78

SES  Simulated effluent standards,

These analyses were divided into two parts. The data
were first analyzed to determine the optimum sampling
duration. One year was considered the maximum accept-
able sampling period to the mining industry, because of
the extensive permitting time and monitoring expenses.
Second, the data were analyzed to ascertain the frequency
within the sampling period that would most accurately

characterize the contaminant load. The 6-, 9-, and 12-
month sampling period data were divided into subgroups
based on the number of samples collected in each interval.
The optimum duration and frequency portions of this
study were analyzed separately using the first two trig-
gering methods of the PADER system.

The first triggering system of the PADER was modified
slightly for this part of the study, because the discharges
were seldom sampled on a weekly basis. For this study, if
a discharge exceeded the approximate 95% tolerance limit
for three consecutive months, this was considered a treat-
ment initiation event. It is possible that this modification
may overestimate the number of actual treatment-
triggering events. However, if a discharge exceeds a 95%
tolerance limit for three successive months, this is a valid
indication that the background information was inadequate
and/or a true change to the discharge has occurred. The
intent of this part of the study was to determine the
optimal baseline sampling scenario and not to enforce
compliance to effluent standards.

The second triggering system was also modified slightly
for applicability to this study. The 95% confidence interval
about the median was not compared for water years or
water-year periods; instead, the 95% confidence interval
about the median for the baseline period (6, 9, or 12
months) was compared with the 95% confidence interval
about the median for the entire test period, which ranged
from 12 to 80 months. However, the analyses must be
viewed in the context that there is a potential to narrow
the confidence interval about the median as the number of
samples increases and vice versa,

DURATION ADEQUACY

The discharge data were analyzed to determine if treat-
ment would be initiated if the SES were the actual permit
baseline loading standards and the time interval between
the SES establishment and actual site activation (a hypo-
thetical period of remining activities) was the testing
period. Additionally, the second PADER triggering meth-
od was used to analyze the discharge data to determine if
the SES overestimated the baseline contaminant load. In
theory, the longer the sampling interval for the SES de-
termination, the more accurate the characterization of the
discharge. This is because the longest sampling interval
should have the most samples (increasing the statistical
validity), and it will include both high and low flow periods
in the characterization.

Figure 12, using acidity load, illustrates that with in-
creasing sampling time for the SES, the potential for treat-
ment initiation decreased. At the 6-month sampling peri-
od, acidity loads from 37% of the discharges would have
initiated treatment using the first triggering method of the
PADER. At the 12-month SES, the number triggering
treatment decreased to 20%. Similar trends were ob-
served for iron and sulfate loads, as illustrated by table 7.



Table 7.—Optimum sampling duration determination,
percent of discharges

SESperiod .......... 6 9 12
months months months
PADER TRIGGERING SYSTEM 1
Acidity:
Exceeded SES ...... 37 33 20
Within SES ......... 63 67 80
fron:
Exceeded SES ...... 27 22 19
Within 8ES ......... 73 78 81
Sulfate:
Exceeded SES ...... 41 35 27
Within SES ......... 59 65 73
PADER TRIGGERING SYSTEM 2
Acldity:
Exceeded SES ......, 18 17 18
Within SES ., ...,. s 68 75 76
BelowSES ......... 14 8- 6
Iron:
Exceeded SES ...... 16 18 17
Within SES ......... 75 78 74
Below 8ES ......... 9 4 9
Sulfate:
Exceeded SES ...... 24 31 24
Within SES ......... 65 61 67
Below SES ......... 11 8 -9

SES  Simulated effluent standards,

First PADER Triggering Method

The results using the first PADER triggering method
indicate that the 12-mounth pre-remining sampling period
best characterized baseline contaminant loads of acidity,
iron, and sulfate. This is as expected, based on experience
with mine discharge loading rates. This trend appears to
be because the 12-month sampling interval included both
high and low flow periods,

As the length of the SES period was increased in 3-
month increments, the length of the subsequent test period
was decreased by an equal amount by default. It is pos-
sible that some of the observed decrease in triggering with
increased sampling interval length was partially related to
this shortening of the test period. However, a review of
the data indicated that this effect was minimal., The av-
erage length for all of the post-SES test periods was over
2 years (table 6).

Increasing the number of background samples within
the SES time period did not significantly decrease the
number of discharges initiating treatment, if sampling was
not performed on a time-consistent basis, In fact, dis-
charges that had 23 or more samples in 12 months most
often triggered treatment. Similar trends were exhibited
by the 6- and 9- month sampling periods. The "Frequency
Adequacy" section below presents a detailed discussion of
this aspect. However, this may to some extent be related
to the narrowing of the confidence limits around the me-
dian resulting from an increase in the number of samples.
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Second PADER Triggering Method

Figure 13 illustrates that the acidity load of approximately
a fifth of the discharges (18%) would have initiated
treatment at the 6-month sampling interval using the
second PADER triggering method. This number changed
very little when the sampling interval was increased to 9
(17%) and then to 12 (18%) months, The number of dis-
charges for which iron load triggered treatment with the
second method was 16% for the 6-month sampling interval
and changed little at the 9- or 12-month sampling level
(table 7). Sulfate load triggered treatment nearly 24% of
the time for the 6- and 12-month sampling intervals, while

‘the percentage was slightly higher (31%) at the 9-month

interval.

With the second triggering method, the number of dis-
charges with contaminant loads that were significantly
below the SES was generally smaller than the number ex-
hibiting loads that were above, This is somewhat related
to the precipitation and subsequent recharge during the
SES period and the test period. However, the large
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database (115 discharges) and the lengthy period over
which the testing occurred (11 years) should minimize any
potential bias of protracted dry or wet periods. The num-
ber of discharges that exhibited an acidity load significantly
below the SES decreased as the sampling period increased.
Iron and sulfate loads showed no definite trends with in-
creased sampling period length.

With the second triggering method of the PADER, it is
somewhat inconclusive as to which of the SES sampling in-
tervals best characterizes the mine discharges. However,
the results generally do not contradict the results obtained
using the first triggering method. The greatest number of
discharges with acidity and sulfate loads within the SES
were found at the 12-month sampling level. Iron, on the
other hand, changed very little regardless of the sampling
interval. The number of discharges exceeding the SES
with the second triggering method were in all cases fewer
than those found with the first method. Approximately
18% of the acidity loads, 17% of the iron loads, and 24%
of the sulfate loads (if sulfate were an effluent parameter)
from the discharges would have falsely initiated treatment
using the second method.

FREQUENCY ADEQUACY

To determine an adequate sampling frequency, each
SES period was divided into four subgroups based on the
number of samples collected. The SES periods were di-
vided into nearly equal subgroup sizes. Also, the number
of samples collected for one of the four subgroups was
equal to the number of months used for the collection
period (ie., an average of one sample per month). As
with the duration data, the frequency data were analyzed
using the first two PADER triggering methods.

First PADER Triggering Method

The frequency data for the first triggering method are

. summarized in table 8. The results illustrate that at the 6-

month SES level, there was little difference in the initia-
tion of treatment based on acidity or iron loads among the
number of samples taken. However, it appears that sulfate
(if it were used an effluent standard) would have increased
triggering with increasing sample size.

Table 8.—Frequency adequacy data from the first PADER
triggering mechanism, percent

Number 6 months
of samples ....... <6 6 7-10 >10
Acidity:
Treatment ...... 38 33 40 37
No treatment . ... 62 67 60 63
Iron:
Treatment ...... 27 25 23 33
No treatment . . .. 73 75 77 67
Sulfate:
Treatment ,..... 27 42 50 48
No treatment . ... 73 58 50 62
9 months
<10 10-12 13-17 >17
Acidity:
Treatment ...... 43 29 24 38
No treatment . ... 57 71 76 62
Iron:
Treatment ,..... 22 29 12 31
No treatment . ... 78 71 88 69
Sulfate:
Treatment ...... 30 41 24 50
No treatment . ... 70 59 76 50
12 months
<13 13-17 18-23 >23
Acidity:
Treatment ...... 25 17 8 40
No treatment . ... 75 83 92 60
Iron:
Treatment ...... 25 13 12 a3
No treatment . ... 75 87 88 67
Sulfate:
Treatment ...... 23 26 17 47
No treatment . ... 77 74 83 53




At the 9-month SES level, treatment triggering by acid-
ity, iron, and sulfate loads occurred for the lowest number
of discharges in the 13- to 17-sample range (24%). The
next lowest number of discharges triggering treatment
were in the 10 to 12 range for acidity load and the less-
than-10 level for iron and sulfate load. However, no def-
inite trends were exhibited at the 9-month SES level as the
sample set size changed.

At the 12-month SES level, the 18- to 23-sample size
range exhibited the least number of discharges triggering
treatment (under 20%) for all three contaminants. . How-
ever, the triggering levels for the 13 to 17 range and the
less-than-13 level were similar, roughly 25% or less. The
greater-than-23 level exhibited the highest triggering rate
(one-third or more) for all three contaminants, indicating
that larger sample set sizes may not more accurately char-

acterize mine discharges. This may be caused by narrow-

ing of the tolerance limits about the median related to an
increase in the number of samples. Another explanation
is that the greater-than-23 level, in some cases, had an
inconsistent sampling frequency, which caused unequal
weighting of wet or dry periods.

Second PADER Triggering Method

The results of triggering based on the second PADER
method are somewhat different from the results obtained
using the first triggering method. The least number of
triggering events occurred mainly in the smallest sample
set sizes (<6, <10, and <13) for each of the three SES
periods (table 9). However, at the 6-month SES, the
results for the six-sample size are similar to results for the
less-than-six-sample size. The low number of triggering
events occurring in the smallest sample sizes could be
related to the narrower confidence interval about the
median with increasing size of the test period data set.

The results for the number of discharges below the SES
levels using the second method are somewhat inconsistent
for the three sampling intervals, For the 6-month SES
period, the least number of discharges below the SES for
iron and sulfate were in the six-sample set size (table 9).
However, for acidity, the lowest number of excursions
below the SES was for the 7- to 10-sample set size. On
the other hand, the 9- and 12-month sampling intervals
exhibited the least number of excursions above the SES for
acidity, iron, and sulfate loads in the higher sample set
sizes for each sample interval,

The results from the second triggering method,
although somewhat mixed, appear to indicate that
sampling on a consistent monthly basis may be optimal,
At the 6-month SES period, the number of excursions
above or below the SES for acidity, iron, and sulfate were
lowest in the less-than-six and six-sample sizes. The least
number of excursions above or below the SES occurred in
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the smallest sample set sizes for 9- and 12-month SES
periods, which are primarily composed of sample sets
where a sample per month was taken, Furthermore, the
highest number of discharges within the SES standard (six
of nine) occurred when the sampling interval averaged
once per month (table 9).

Table 9.-—Frequené'y adequacy data from the second PADER
triggering meéchanism, percent

Number 6 months
ofsamples ,........ © <6 6 7-10 >10
Acidity:
Exceeded SES ..... 3 .. 12 .30 30
Within SES ....... 82 71 60 55
BelowSES ........ 15 17 10 15
fron: ’
Exceeded SES ..... 6 4 a3 19
Within SES. ....... A : 96 57 70
BelowSES ........ 12 0 10 11
Sulfate:
Exceeded SES ..... 10 17 40 27
Within SES ....... 73 75 50 &5
Below SES........ 17 8 10 8
9 months’
<10 10-12 13-17 >17
Acidity:
Exceeded SES ..., .. 8 23 13 31
Within SES ....... 84 65 83 63
Below SES ........ 8 12 4 6
iron:
Exceeded SES ... .. 13 23 13 31
Within SES ....... 83 71 83 69
BelowSES........ 4 8 4 0
Sulfate:
Exceeded SES . .... 19 47 29 31
Within 8ES .....,. R 72 41 67 83
BolowSES........ 9 12 4 6
12 months
<13 1317 18-23 >23
Acldity: '
Exceeded SES . ..., 13 22 8 33
Within SES ....... 67 69 92 67
Below SES ...... . 20 9 0 0
lron:
Exceeded SES . .... 20 13 16 20
Within SES ....... 87 74 76 80
Below SES........ 13 13 8 0
Sulfate:
Exceeded SES ..... 8 22 28 33
Within SES ..... . 75 61 72 60
Below SES ........ 17 17 Q 7

SES  Simulated effluent standards,

It is probable that sampling two or four times per
month at a consistent time interval will yield similar if not
slightly better results, However, there were an insufficient
number of discharges where the sampling was two or four
times per month to yield conclusive results. Given the
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good results when sampling occurred once per month, it
may not be cost effective to increase the frequency to gain
a slight improvement in discharge characterization.

This triggering method indicates that sampling on a
consistent basis (e.g., the third Monday of each month)
yields the best characterization of the discharges. This
method should avoid overemphasizing either a wet or dry
period. This is especially true if the sampling is performed

over a complete water year. The results of the first trig-
gering method, although somewhat dissimilar, do not con-
tradict this assertion. In either case, the highest sampling
frequency did not yield the best characterization results.
This may be because the highest sampling frequency can
allow unequal sampling during a wet or dry period, thus
biasing the data.

DETERMINATION OF CONTAMINANT LOAD REDUCTION

To determine the effectiveness of remining in terms of
reduction in contaminant load, this study used the 57 dis-

crete discharges from 24 western Pennsylvania remining

operations that were analyzed in the "Discussion of Sta-
tistical Methods" section. These sites are exhibited on
figure 6. Table 3 is a summary of the raw flow and con-
centration data from these 24 sites. The loading data are
exhibited in appendix A. As previously stated, these sites
were selected because they had been completed (backfilled
to rough grade) and possessed a minimum of 1 year of
post-backfilling water quality and flow data. The pre- and
post-remining data were analyzed using exploratory data
analysis (schematic summary), which is the method cur-
rently used by the PADER,; the Mann-Whitney U test; and
a method of nonparametric upper prediction limits
(NUPL) (Gibbons, 1990). The test results were sec-
ondarily analyzed to assess the applicability of each of
these analytical methods to these types of data to de-
termine the effectiveness of remining in contaminant load
reduction,

RELATED STUDIES

Crucial to any remining program are the methods of
analysis used to determine possible changes in the dis-
charge water quality with respect to the pre-remining con-
ditions. In order to choose an applicable analytical meth-
od, characteristics of the water quality and discharge flow
must be thoroughly understood, There have been a multi-
tude of studies pertaining to the statistical analysis and
characterization of ground and surface waters unrelated to
degradation from coal mining, Statistical studies pertain-
ing to coal mine water have primarily been limited to tem-
poral studies of contaminant concentration changes caused
by mining within a previously unmined watershed.

Harris and others (1987) reviewed various statistical
methods used to characterize ground water quality. They
concluded that the skewness test was the most applicable
for the determination of normality. They recommended
using the Mann-Whitney U, Student’s t, ANOVA, and
Kruskal-Wallis tests to detect seasonality effects in the
data. Simple autocorrelation was suggested to determine

serial deperidence of data. Montgomery and others (1987)
applied these determinations to actual water quality data
in a companion paper. They determined that ground wa-
ter quality data are. by-and-large nonnormally distributed
and positively skewed (right), often exhibit seasonal fluc-
tuations, and can be serially correlated in time, if sampled
on a quarterly basis. X .

There have been few previous studies pertaining to the
impacts of remining on the ground-water quality or quanti-
ty, because true remining is a relatively new procedure.
Previous remining studies have generally been limited to
feasibility or case studies.

Richardson and Dougherty (1976) investigated the tech-
nical and economic feasibility of daylighting (surface min-
ing by removal of the overburden) an abandoned under-
ground mine in Garrett County, MD. They collected
water quality data before and after daylighting in order to
evaluate its impact.® They observed that the post-remining
contaminant loads were not significantly different from the
pre-remining levels, although the post-remining contami-
nant concentrations exhibited seasonal fluctuations that
were significantly higher than those of the pre-remining
levels. At the time the report was written, the post-
remining water quality data indicated that a slight im-
provement in contaminant load had occurred compared
with pre-remining conditions.

Reed (1980) analyzed the effect of daylighting on a 344-
ha (850-acre) underground mine in- Tioga County, PA.
The report was prepared while the site was being actively
mined. Approximately 12% of the mine had been day-
lighted. He observed that the remining was causing a
significant increase in acidity concentration in the dis-
charges draining the affected areas. There appeared to be
a direct correlation between the amount of daylighting and
the increase in acidity concentration.

Helsel (1983) analyzed streams from mined and un-
mined watersheds in eastern Qhio to determine the in-
fluence of mine and rock type on water quality, He deter-
mined that overburden lithology of the mine influenced

3Ackerman, J. P, P. S. Campion, and E, B. Persson, Preliminary
final rep., Deer Park Daylighting Project. U.S. EPA, undated,



several water quality constituents. The water quality ex-
hibited neither a normal nor a lognormal distribution,
The effects of mine and rock type on water quality were
more adequately represented by analysis of the ranked da-
ta, rather than analysis of the actual data. Helsel (1987)
illustrated the advantages of using nonparametric proce-
dures on water quality data. These advantages include the
following: data transformations are not required, the tests
can be performed even if normality of data sets is not
achievable, there is greater power in highly skewed data
sets, central-tendency comparisons are made on the me-
dian rather than the mean, and below-detection-limit data
can be easily incorporated without bias. The potential bias
is reduced by the use of the data median, which is less
sensitive than the mean to a few extreme outlying values
(Snedecor and Cochran, 1971).

O’Steen and Rauch (1983) analyzed the spatial and
temporal ground water quality variability associated with
surface mining in West Virginia. Peak ground water con-
tamination in terms of sulfate occurred approximately
3 years after mining was initiated. Sulfate contamination
declined slowly after the peak was reached and was still
significant in shallow ground water after 20 years. Razem
(1983), to a lesser extent, studied the temporal and spatial
effects on ground water of surface mining in a small wa-
tershed in Ohio. The ground water in the spoil zone was
observed to be "significantly poorer" after mining. Lindorff
(1980) studied the long-term effects of surface mining on
ground water at an Illinois coal mine. He concluded that,
even after approximately 40 years, the ground water qual-
ity was "more mineralized than one would expect for un-
disturbed overburden.”

DATA ANALYSES AND RESULTS

In general, hydrologic data have been shown to be
asymmetric and nonnormally distributed. Therefore, the
most applicable methods of analyses are nonparametric
statistics (Hirsch and Slack, 1984; Montgomery and others,
1987; Harris and others, 1987; Berryman and others, 1988).
Helsel (1983) likewise showed that mine discharge hydro-
logic data, such as drainage quality, discharge flow rate,
and loading rates, are generally not normally distributed
and are commonly positively skewed toward the lower
values.

First PADER Triggering Method

Table 10 summarizes the number of sites that triggered
the PADER system for weekly sampling (first triggering
method) and subsequent treatment for acidity, iron, and
sulfate. Two of the sites did not have data for pre-
remining sulfate concentration; therefore, sulfate "stand-
ards" were established for only 22 of the sites. For this
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portion of the analyses, using the PADER system, dis-
charges from each site were combined to evaluate overall
load changes on a site-by-site basis. However, for the
Mann-Whitney U test and the NUPL, the discharges were
analyzed separately in an attempt to provide a more de-
tailed assessment of the impacts of remining.

Table 10.—Weekly sampling frequency and discharge
treatment triggering after remining

Triggered weekly Triggered
. sampling freatment
Acidity
Yes ...... 10 3
No....... 14 21
Iron:
Yes ...... 5 8
No....... 19 2t
Sulfate:
Yes ...... 11 5
No....... 1 17

NOTE."Yes" indicates that triggering ocourred at
least once to one or more discharges or hydrologic
units for that site. “*No" indicates triggering never
occurred.

Acidity levels initiated weekly water sampling at least
once during the post-remining period for 10 of 24 sites.
Three of these sites subsequently triggered treatment,
Tron was the triggering contaminant for weekly sampling
in 5 of 24 sites. Of these five sites, three secondarily
triggered discharge treatment. Of the three incidences of
discharge treatment for acidity and iron, two occurred con-
currently; therefore, treatment was actually initiated at
least once on four separate sites. The elevated contam-
inant loads that triggered treatment were in all cases
transient events. The higher loads generally occurred
shortly after reclamation (less than 1 year), and the levels
usually declined to within standards within a brief period
(less than 6 months). Sites 4, 8, and 19 (table 3) were the
mines that had at least one discharge that triggered treat-
ment for acidity on one or more occasions. Mine 8 was
the only site to trigger treatment 13 months or more after
reclamation. There were no incidences on these sites that
required treatment for longer than 6 months.

Sulfate would have triggered weekly sampling, if it were
a regulated effluent contaminant, for half the sites (11 of
22). Almost half (5 of 11) of the weekly sampling events
would have subsequently initiated treatment. The greater
number of sites where sulfate loads, rather than the acidity
or iron, would have (if regulated) initiated weekly sampling
and, subsequently, treatment may be related to the ex-
treme hydrologic and geochemical changes that occur in
surface mine spoil immediately following mining and recla-
mation, The rock surface area, hence pyritic material,
exposed to oxidation is greatly increased by the mining and
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reclamation processes. This promotes acid production,
which is indicated by elevated sulfate levels. Concurrently,
the increased rock surface area also increases the exposure
of alkaline strata (e.g., limestoncs, dolostones, and calcar-
eous shales), when present, to weathering and dissolution,
thus adding alkalinity to the ground water system. The
added alkalinity reduces the acidity concentration and
raises the pH. As pH levels rise, the potential for dis-
solved iron to oxidize and precipitate out of solution in-
creases. Sulfate concentrations are little affected by in-
creases in alkalinity and pH at the sulfate and calcium
levels common to mine water. Therefore, it is possible for
mine water to exhibit significant increases in sulfate with-
out corresponding increases in acidity or iron.

The results shown in table 10, created using the first

triggering method of the PADER system, illustrate that -

discharge treatment was seldom incurred (a total 4 of 24
sites for combined acidity and iron). A review of the cases
where treatment was initiated indicate that the treatment
was of an ephemeral nature and occurred most often
shortly after reclamation.

Second PADER Triggering Method

The second method used by the PADER to determine
if the remining has further degraded the mine water com-
pares the post-remining median load of a water year with
the median for the bascline data. Lack of overlap at the
95% confidence interval for the pre- and post-remining
median indicates that the medians are significantly dif-
ferent at the 5% significance level, The rationale for use
of a water year is to ensure that the data used in the com-
parisons are not biased by the occurrence of most of the
sampling during a particularly low or high flow period.
The large number of possible water years and water-year
periods for 24 sites with 57 discharges precluded the strict
adherence to this part of the PADER system for this
study. Instead, the median of the data for the entire post-
remining period was compared with the median of the.pre-
remining data. Any possible sampling bias of the data is
minimized because each of the post-remining data sets
includes from 2 to over 10 of both low and high flow
periods. The use of the median rather than the mean
further minimizes possible bias (Snedecor and Cochran,
1971).

Results from using this method indicate that for a ma-
jority of these sites, remining did not cause additional
degradation of the mine discharges (table 11), The me-
dian acidity and iron loads for 21 of 24 sites was equal to
or below the baseline levels at the 5% significance level.
The one site where acidity was above pre-remining levels
coincided with one of the sites of the iron excursions.
Therefore, there were a total of three sites that indicated
possible degradation caused by remining, This illustrates

that over 87% of the sites exhibited no significant degra-
dation in terms of acidity and iron. Median load declined
to less than the pre-remining median for 7 of 24 sites for
acidity and for 4 of 24 sites for iron. This indicates that
nearly a third of the sites had a statistically significant
improvement in acidity load. For three of these sites, both
acidity and iron were significantly below the baseline lev-
els, making a total of eight sites with an improvement in
the effluent load. Of the 11 excursions where acidity and
iron loads were significantly below the pre-remining
median, 7 sites likewise exhibited a significant flow reduc-
tion. However, concentration appeared to have contribut-
ed in six of these excursions. The median concentration
dropped by a factor of 2 or more for these six excursions.

Table 11.~Comparison of post-remining mineslite
median contaminant loads fo pre-remining
median at the 5% slgnificance level

Load Above Within Below
Acidity ..... 1 18 7
kon ....... 3 17 4

Suifate, . ... 3 15 4

Nearly 13% (3 of 24) of the sites exhibited median
acidity and iron loads above the pre-remining median,
indicating an apparent significant increase in contaminant
load. Of the four instances where the post-remining me-
dian contaminant load (acidity and iron) exceeded the pre-
remining median, none exhibited a significant increase in
flow rate at the 5% significance level. This indicates that
when a significant increase in load occurred, it was not re-
lated to flow alone; concentration also played an important
role. Three of the four excursions exhibited a substantial
increase (a factor of 5 or greater) in the concentration
median,

The median sulfate load comparison exhibited similar
results as acidity and iron load comparisons. Flow rate
changes were a significant factor for three of the four
excursions below the 5% significance level. However,
none exhibited a decrease in the median concentration
over 11%. For the excursions above the 5% significance
level, flow was never significantly increased, while two of
the three exhibited a substantial increase (a factor of 6 or
greater increase) in concentration.

Discharge flow rate plays a critical role in loading rate
excursions outside of the 5% significance level, especially
for decreases in contaminant load. Apparent changes in
flow may in some cases be caused by inadequate baseline
sampling, If the pre-remining sampling period was un-
usually wet or dry, this will also create a bias in the data
and can incorrectly cause the post-remining data to exhibit
an apparent decrease or increase in contaminant load, re-
spectively. This aspect of sampling is discussed in detail in



the "Pre-Remining Sampling Adequacy" section. However,
if the pre-remining sample duration and frequency are
adequate, the potential error is greatly reduced. Because
of the dominant role of flow in determining contaminant
load, recharge-limiting abatement practices should be the
most successful in reducing the load.

The analyses indicate that concentration is commonly
less important than flow rate for the determination of
contaminant loading excursions outside of the 5% signif-
icance level. However, for all contaminants, substantial
changes in concentration level are more often associated
with excursions above (71%) rather than excursions below
(40%) the 5% significance level.

MANN-WHITNEY U TEST

The Mann-Whitney U (MW) test is a nonparametric
substitute for the Student’s t-test used to determine if two
samples (data sets) have equal means (Davis, 1986). The
MW test is an unpaired test in which the test statistic is
based on the sum of the ranks of the combined data sets.
The MW test should be employed when the data sets ex-
hibit a strongly nonnormal distribution and are of different
sizes (Harris and others, 1987). For this study, the MW
test was used to determine if the medians, rather than the
means, of the data sets were significantly different. The
median is not as sensitive to data extremes as the mean
and is therefore more commonly used to represent the
central tendency of strongly skewed data (Snedecor and
Cochran, 1971).

To ascertain possible changes in the mine discharges
caused by remining, the MW test was used to compare the
pre-remining and the post-remining data sets. This test
was conducted separately on the discharge flow rate, con-
taminant concentration, and loading data. The MW test
was used to determine if the medians of the two data sets
come from different populations at the 5% significance
level. The MW test was applied to individual discharges,
rather than on a minesite basis, in an effort to provide a
clearer determination of the effect of remining on the
water quality. Mine discharge quality and flow can vary
widely within a site; therefore, analyzing individual dis-
charges should promote a more accurate assessment of
hydrologic changes caused by remining.

The MW test results (table 12) indicate that concentra-
tion and load of acidity and iron were unchanged or de-
creased (improved) at the 5% significance level for the
majority (84% to 93%) of the discharges. These results
suggest that, in terms of acidity and iron concentration and
load, remining generally does not degrade the mine dis-
charge waters. Approximately 30% of the discharges ex-
hibited a significant improvement in terms of acidity and
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iron load. The number of discharges above the 5% signif-
icance level (indicating degradation) is lower for acidity
and iron loads than for the corresponding concentrations.
This appears to be related to the strong influence that
the discharge flow rate has on the contaminant load, as
discussed earlier. The MW test results for acidity and
iron loading are very similar to those exhibited by the
flow rate and dissimilar to those for the corresponding
concentrations.

The number of discharges exhibiting increased sulfate
concentration and load from remining is substantially high-
er than the number of discharges exhibiting increased acid-
ity or iron values. Over a third of the discharges (35%)
have an increase in sulfate concentration, and almost 20%
have an increased sulfate load at the 5% significance level.
This higher "failure” rate exhibited by sulfate is most likely
due to the changes in ground water flow paths and con-
tacted material caused by remining and reclamation, as
previously discussed. This does not necessarily imply that
the remining has increased the contaminant problem, be-
cause sulfate is not a regulated effluent parameter and
acidity and iron do not show similar trends. The great
range of values exhibited by sulfate concentration may be
the reason that flow rate is somewhat less dominant in the
determination of sulfate loading rate changes than in the
determination of changes in acidity or iron.

Table 12.—~Mann-Whitney U test comparing
post-remining with pre-remining data

Below! Above’  Within®

Flow rate .... 16 4 37
Acld cone .., 24 7 26
Acld load .... 17 4 36
lroncone ..., 18 9 30
Iron load .... 17 5 35
Sulfate cone . . 9 18 25
Sulfate load .. 14 10 28

!Median was below the corresponding pre-
remining median at the 5% significance level,

2Median was above the corresponding pre-
remining median at the 5% significance level,

3Median did not exceed the corresponding
pre-temining median at either the upper or
lower signlficance level.

NONPARAMETRIC UPPER PREDICTION LIMITS

A method of NUPL was developed by Gibbons (1990)
to detect degradation of ground water caused by waste
disposal facilities. The NUPL method is based on the
multivariate hypergeometric distribution function, NUPL
determine the probability that at least one of the next
specified number of contaminant concentration



it
]

28

measurements (resamples) will be less than the maximum
contaminant concentration of a background sample set.
The probability determination is not dependent on the
order of the results, but does require that the samples be
independent. As the number of monitoring points and re-
samplings increases, the number of terms in the probabil-
ity sum becomes very high, which makes calculation ex-
tremely cumbersome. The more easily derived Bonferonni
inequality is substituted because it provides an excellent
approximation of these probabilities while avoiding the
high number of terms (Gibbons, 1990). The option of re-
sampling is crucial to this method. With the use of re-
sampling, a 5% significance level can be obtained with a
reasonable number of background samples (in most cases
between three and five). This method was originally de-
veloped to determine degradation of ground water taken
from several monitoring wells, before and after waste
disposal or above and below the disposal site. However,
the methodology and underlying assumptions permit its
use on the hydrologic data of individual discharges of
remining sites.

The remining loading data were analyzed by the use of
tables and, as required, the equation derived by Gibbons,
The upper limit probability was established at the 5% and
1% significance levels (95% and 99% confidence, respec-
tively). Comparisons were made of the contaminant load
and discharge flow rate of each discharge for the pre-
remining (background) and the post-remining (resampling)
data. Individual discharge points were analyzed separately
because, as previously stated, significant differences of
water quality and especially flow rate can exist between
discharges within a minesite.

To achieve 5% and 1% significance levels with 2 post-
remining resamplings and 1 discharge point, 5 and 12 re-
spective background samples are required. Raising the
number of resamplings to three lowers the number of
background samples required to reach these significance
levels to three and seven, respectively. Two of the sites
lacked sufficient background samples to achieve the 5%
level with two resamplings. The number of sites lacking
sufficient background data rose to eight at the 1% sig-
nificance level with two resamplings. With three re-
samplings, the number of sites with insufficient background
samples was reduced to one and two for the 5% and 1%
significance levels, respectively,

The contaminant load levels for most of the discharges
were below the 5% and 1% significance levels for both the
two- and three-resampling scenarios (table 13). The num-
ber of discharges below the 5% significance Ievel increased
slightly, from 81% to 87%, when the number of resamp-
lings was raised from two to three. However, at the 1%
significance level, there was no change. The increase is
caused in part by the additional number of discharges

(small background sample set sizes) that are able to be
analyzed with three resamplings, The increased number
of discharges below the confidence levels with three re-
samplings is also caused by several discharges that had two
successive samples exceeding the background maximum,
but failed to have three at the 5% significance level.

Table 13.—Nonparametric upper prediction limits on the

loading data
Significance level ....... Did not exceed Did exceed
5% 1% 5% 1%
Discharge with 2 samples:!
Flow ............... 38 26 9 5
Acidity ............. 39 26 8 5
ron ... 42 28 5 3
Sulfate ............. 29 21 13 5
Discharge with 3 samples;?
Flow .. .ovvviiinann 49 44 3 3
Acidity ....veniiii.s 47 42 5 5
fron ... 47 42 5 5
Sulfate .......c 0000 37 32 10 10

Two successive post-remining samples exceeding pre-remining

maximum.
YThree successive post-remining samples exceeding pre-
remining maximum.

Of the three contaminant loadings, sulfate most often
exceeded the 5% and 1% significance levels (table 13).
This is the same general trend exhibited when the sulfate
data were analyzed using the PADER system and the
Mann-Whitney U tests. The reasons for the higher rate of
failure in terms of sulfate were previously discussed.

The trends of the flow rate are very similar to those of
acidity and iron loads, indicating that flow rate had a dom-
inating influence on the contaminant loads, as was also ob-
served by Smith (1988). Flow rate is also a strong influ-
ence on the sulfate loads, but extreme changes in sulfate
concentration levels caused by remining are of a sufficient
magnitude that the flow influence is diminished compared
with the influence exhibited by acidity and iron loads.

In total, eight sites exceeded the 5% significance level
for acidity and/or iron at least once after remining. Five
of those sites also exceeded at the 1% level with two re-
samplings. With three resamplings, five sites exceeded the
5% and 1% significance level for acidity and/or iron.

COMPARISON OF THE METHODS OF ANALYSIS

A site-by-site comparison of the three analytical meth-
ods (table 14) for acidity loads yielded generally similar
results, Similar results were likewise exhibited in a com-
parison for iron and sulfate (shown in appendix C). An
indication of degradation under one of the two PADER



methods was generally reflected in the Mann-Whitney U
test and/or the NUPL method. However, there were a
few sites where degradation was indicated by the Mann-
Whitney U test or the NUPL method but not by the
PADER methods. This result is partially caused by dif-
ferences in the methods of data analysis and arrangement.
Under the PADER system, each site was analyzed as a
single hydrologic unit. For the Mann-Whitney U test and
the NUPL method, each of the discharges was analyzed
separately. An indication of degradation, as shown in
table 14, using the Mann-Whitney U test or the NUPL
method indicates that one or more discharges from that
site exceed the applicable standard. On some sites (4, 14,
and 16), one discharge indicated increased acidity, while
the rest were within expected limits or decreased. For this
reason, acidity load for the corresponding site may show
no change or a net decrease using the PADER system.

Minesites with discharges exhibiting both decreases and
increases in contaminant load were not unexpected be-
cause with remining the ground-water flow paths are com-
monly altered, thereby causing discharge flow rates to
change dramatically and/or discharges to relocate. This is
one reason for differences between results from these two
analyses (Mann-Whitney U and NUPL) and the two
PADER system methods, which look at the site as a single
hydrologic unit.

The comparison of analytical methods suggest that the
Mann-Whitney U test and the NUPL methods are as
applicable to these data as the system presently employed
by the PADER. Using a triggering mechanism and frame-
work similar to those of the PADER system, either of
these methods should adequately determine degradation or
nondegradation due to remining,
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Table 14.—Analyses of acldity load before and after remining

PADER sys- Mann- Gibbons NUPL method
Site tem type Whitney 2 samples 3 samples

1 2 U tost 5% 1% &% 1%
1. N N Y N N N N
2. N N N Y Y N N
3. N N N N N N N
4. Y N Y Y X Y Y
§ . N N N N N N N
6. N N N N N N N
7 .. N N N Y Y N N
8 .. Y N Y Y X Y Y
9 .. N N N X X N X
10 . N N N N N N N
11 . N N- Y N X N X
12 . N N N Y Y N N
13 . N N N Y Y Y Y
14 . N N Y N N N N
15 . N N N N X N N
16 . N N Y X X X X
17 . N N N N N N N
18 . N N N N N N N
19 . Y Y Y Y Y Y Y
20 . N N N N X N N
21 . N N N N N N N
22 . N N N N N N N
23 . N N Y N X N N
24 .. N N N N N N N
NUPL Nonparametric upper prediction limits,

PADER Pennsylvania Department of Environmental Resources.

NOTE.~N (no) indicates treatment was not initiated under the
PADER system type 1, the post-remining median did not exceed
the pre-remining 95% confidence interval about the median under
the PADER system type 2, the Mann-Whitney U test indlcated no
significant difference at the 5% confidence level, and the Glbbons
NUPL method did not have two or three consecutive samples ex-
ceeding the pre-remining maximum. Y {yes) indicates that treat-
ment was initiated under the given system. X indicates data were
not available or were Insufficient to complete the analyses,

SUMMARY AND CONCLUSIONS

Remining Frogram

The remining program in Pennsylvania has been oper-
ational for approximately 10 years. Throughout this pe-
riod, the amount and type of information required for per-
mitting have been modified in order to more accurately
reflect the site history, hydrogeologic conditions, and the
proposed remining operation. Over 100 remining permits
have been issued since 1983,

Remining in Pennsylvania is widespread in the bitum-
inous coal fields and is occurring on virtually all minable
coal seams. However, the bulk of the remining (about
76%) is on the Kittanning, Freeport, and Pittsburgh Coal
secams. Many of the sites (45%) include multiple-seam

mining. Several coal refuse reprocessing operations (10%)
have also been issued permits under the remining
program.

Mine size ranges widely in total area, abandoned area,
and abandoned area to be reclaimed. Nearly 70% of the
abandoned area within the permit boundary is reclaimed
during remining. The average area of abandoned surface
mines to be reclaimed is almost 80% higher, on a per-site
basis, than the area of abandoned underground mines to
be reclaimed, This is related to the large quantities of
ground water to be encountered, the lower total coal yield,
and higher uncertainty associated with remining under-
ground mines compared with surface mines,



e e o e+

The amount of coal recovery ranges over two orders of
magnitude, from 11,794 to over 2,177,280 t (13,000 to over
2,400,000 st), with a median of 235,872 t (206,000 st). One
measure- of success of a remining operation is the amount
of coal produced. This is because without the revised dis-
charge standards, most mine operators are not willing to
risk becoming responsible for perpetual treatment, and
therefore the coal resource would go unused. This is es-
pecially true if the site is reclaimed through the abandoned
mine lands program,

Key data of a remining permit are the water quality and
flow of the preexisting mine drainage discharges. Alterna-
tive effluent standards are set based on those contaminant
loading rates. Because water quality and flow data distri-
butions are unpredictable and commonly asymmetrical,

they are analyzed using exploratory data analysis and order -

statistics by the PADER. The performance of the remin-

ing operation in terms of additional mine water contami-

nation is based on the results of these statistical analyses.
Acidity loads from these sites range over four orders of
magnitude, with a median of 20.3 kg/d (44.8 Ib/d). Iron
loads range over five orders of magnitude with a median
of 0.54 kg/d (1.2 Ib/d). Sulfate loads range over four
orders of magnitude. The higher contaminant loading
rates are directly related to the higher flowing mine
discharges.

More .than one abatement technique is usually em-
ployed during remining to abate or diminish the con-
taminant load. The most common techniques employed
are regrading of dead spoils, underground mine day-
lighting, and spoil revegetation. Roughly one-third of the
operations have alkaline addition and hydrologic controls
as part of the abatement plan. The most common alkaline
addition materials are limestone or dolostone, primarily
because of their widespread availability and low cost. The
pit floor is the most common location for the alkaline ad-
dition placement.

The estimated abatement costs range widely, from $0 to
$4 million total cost. The average estimated cost per unit
area is roughly twice the normal bond rate. Actual cost
per metric ton of coal produced is also an indicator of the
efficiency of the operation. However, estimated abatement
costs exceeding $1.36 per metric ton ($1.50 per short ton)
of coal may be somewhat inflated. At that cost level,
based on the author’s experience, it probably is not truly
economically feasible to mine.

Experience indicates that the cost to treat the dis-
charges to meet conventional effluent standards is not a
fiscally viable option for the vast majority of the sites. The
median cost of $5.90 per metric ton (86.50 per short ton)
to treat the discharges for 50 years illustrates this point.
Projected costs at approximately 90% of the sites exceed
$1.36 per metric ton ($1.50 per short ton) of coal.

Virtually every aspect of the Pennsylvania remining pro-
gram indicates that it has been and continues to be suc-
cessful, with only a few minor drawbacks. To date, the
remining program in Pennsylvania has been successful in
the permitting for reclamation of approximately 1,619 ha
(4,000 acres) and has led to the production of over 32
million t (36 million st) of coal from areas deemed by
many as "untouchable" under pre-remining regulations.
The abatement techniques employed are geared toward re-
duction or elimination of mine discharge contaminant load.
Estimated cost of abatement implementation is highly sub-
jective and, experience indicates, often artificially high.

Data Analyses

To determine characteristics of hydrologic data from
coal mines, the data were analyzed using several statistical
techniques. Testing for normal distribution using the
skewness and chi-square tests indicated that water quality
and flow rate data tend to be nonnormally distributed.
Remining appears to increase the tendency of these data
to be nonnormally distributed, especially during the first
few years after reclamation. The hydrologic data are com-
monly skewed to the right (the lower values). These
trends are similar to those observed by other researchers
for natural and degraded ground and surface waters.
Trends exhibited by the skewness and chi-square tests
indicate that flow is the dominant factor for determining.
the contaminant load rate.

Graphical analyses (notched box-and-whisker plots) in-
dicate that underground mine discharges tend to be more
severely degraded in terms of contaminant concentration
than surface mine discharges in the remining data set.
This is caused, in part, by differences in the ground water
flow regime of the two mine types. Increased exposure of
alkaline materials to ground water caused by surface min-
ing also may be a factor in the differences in water quality.
Flow rate has a strong influence on the contaminant load,
although concentration can also be a significant influence,

Spearman’s rank correlation analyses conducted on the
hydrologic data illustrate that flow rate is more commonly
strongly correlated with contaminant load than concentra-
tion. Therefore, if the discharge flow rate can be reduced
by mining or reclamation practices, the mine operator may
be able to virtually gnarantee a reduction of the contami-
nant load. A flow reduction may be achieved by diversion
or exclusion of ground water from adjacent areas from the
spoil and/or by reducing surface infiltration.

The testing results indicate that the optimum baseline
sampling duration of the three intervals analyzed (6, 9, and
12 months) is at least 1 complete year. With an entire
year’s worth of data, both wet and dry periods will be
included in the discharge characterization, which will



minimize the possibility of bias. Hornberger and others
(1990) similarly concluded that an entire year is needed to
characterize AMD discharges. Time-consistent sampling
(on a monthly, semi-monthly, or weckly basis) should pre-
vent either wet or dry periods from being overemphasized.

Determination of the optimum baseline sampling fre-
quency illustrates that the highest sampling rate for each
SES was consistently not the best rate to characterize the
discharges. A comparison of the results using the two
PADER triggering methods exhibited some dissimilarities.
However, a time-consistent sampling rate, when sampling
is on a monthly basis, appears to adequately characterize
the contaminant load at minimum cost. If cost of monitor-
ing is not a consideration, a semi-monthly rate should be
at least equally as good as a monthly rate, if the sampling
is consistent with regard to time (e.g., samples collected on
the first and third Monday of the month),

Analysis of the contaminant concentrations, loading
rates, and flow rates of mine discharges using several
methods indicates that Pennsylvania’s remining program is
successful from the standpoint of preventing additional
ground and surface water degradation. The overwhelming
majority of the discharges have post-remining contaminant
loads of acidity and iron that are equivalent to or sig-
nificantly less than the pre-remining levels. Short-term
changes (less than 1 year) in flow and/or concentration
are the primary reasons that significant degradation ap-
pears to have occurred at a number of discharges,

Reduction of Discharge Flow

When any of the methods of analyses indicate that a
significant change in contaminant load occurred, changes
in the discharge flow rate is by far the most common rea-
son, Concentration is a possible factor in some cases.
Concentration may play a somewhat stronger role when a
significant increase in contaminant load is indicated than
when a significant decrease is indicated.

Because of the strong control that the mine discharge
flow rate exerts on the corresponding contaminant load, if
flow can be reduced through mining and/or reclamation
practices, the probability that the remining operation will
not incur treatment liability on a long-term basis is greatly
increased. With this knowledge, mine operators may be
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more willing to enter into remining permits and regulating
agencies may be more receptive to issue them.

Practices to reduce discharge flow can be incorporated
into the permit application abatement plan. Flow reduc-
tion can be achieved by exclusion or diversion of ground
and surface water away from the reclaimed site. Methods
that decrease surface water recharge include installation of
diversion ditches, capping the site with a low-permeability
material, spoil regrading, and revegetating. Abandoned
sites, prior to remining, commonly have unreclaimed pits
and closed-contour depressions in the poorly sorted spoil
that serve as recharge zones for significant quantities of
infiltrating surface water. For many abandoned surface
mines, the act of regrading and revegetating spoil will sig-
nificantly reduce surface water infiltration and increase
runoff just by the climination of these recharge zones.
This may be the most viable option; it is the least expen-
sive method of reducing surface recharge because it must
be performed to satisfy the reclamation requirements.

Methods for decreasing ground water recharge to the
spoil include installation of drains and/or grout curtains
near the final highwall, drains running the length of the pit
floor, and horizontal free-draining dewatering wells, and
sealing of adjacent underground mine entry ways exposed
during mining, Where the remining is daylighting of un-
derground mincs, scaling of entry ways may be the least
expensive and most viable option, When abandoned sur-
face mines are remined, installing the highwall drain may
be the most viable option, if sufficient grade can be
achieved to allow a free-draining, low-maintenance system.

Fuiture Remining

The three statistical methods for determining changes
in discharge contaminant load yielded similar results.
Each of these methods would be applicable for use in a
remining program, if placed in a framework similar to the
one PADER currently uses.

Although this study was conducted exclusively in Penn-
sylvania, similar remining programs in other Appalachian
States should be at least as successful in terms of con-
taminant load reduction. The geologic and hydrologic con-
ditions in these other States are similar enough to those of
the western Pennsylvania coal fields to facilitate similar
results.
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APPENDIX A—SUMMARY OF LOADING DATA'

Pre-remining Post-remining
Site Load, kg/d Load, kg/d

n Acidity lron Sulfate n Acidity Iran Sulfate
) B 17 02 0.00 38 13 0.09 0.00 1.2
2.0 21 565.0 42.83 1,673.3 41 454.80 40.52 1551.8
3. 22 20.5 2.25 41.0 14 1.23 0.09 3.5
4 .00 10 10.7 0.54 208 45 19.82 3.14 103.4
§ ..ounnn 38 3.7 0.03 205 19 4.31 0.02 36.1
L RN 21 27.1 0.38 84.3 16 41,16 0.63 185.7
T oviiiinne 31 6124 7.87 €66.6 11 678.32 8.71 901.6
8 ........ 10 163.5 20.48 430.0 40 33.84 5.68 340.1
9 ..., 4 304.4 14,72 618.8 16 77.67 5.56 268,1
i+ R 9 0.9 0.18 239 33 0.70 0.15 12.8
L IR 8 145.0 5.49 5128 17 14.58 0.38 48.3
12 000000, 12 . 38.3 0.21 NAp 63 4,70 0.08 56.6
L 1 SRR 11 0.4 0.01 NAp 56 0.50 0.01 271
14 .. . 28 0.1 0.01 1.0 46 0.25 0.22 6.7
1B ....... 9 4.4 0.10 57 24 247 0.02 11.83
16 ....... 3 128.4 74.05 360.7 71 123.58 54.73 320.6
177 i, 26 8.2 0.13 §7.3 43 0.13 0.10 45,2
18 ....... 24 0.8 0.23 7386 33 253 0.10 112.3
19 ..ovhs 18 07 0.01 3.3 36 5.11 0.06 23.9
2 ....... 8 §2.5 0.88 178.4 7 0.02 0.00 24
21 ... 16 9.5 0.18 226 21 6.22 0.20 328
22 ,..,, 28 79.1 1.35 345.5 10 88.67 1.81 457.2
23 ..., 8 §1.1 205 136.6 25 30.99 2.25 117.1
24 ....... 18 8.7 1.18 11.7 12 0.00 0.00 0.0

NAp  Not applicable.
! All data are median values, except for the number of samples {n).
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APPENDIX B.—PLOTS OF ACIDITY, IRON, AND SULFATE LOAD MEDIANS
OF UNDERGROUND AND SURFACE MINES BEFORE AND AFTER REMINING

Figure B-1
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Figure B-3
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APPENDIX C.—SUMMARY OF ANALYSES OF IRON AND SULFATE LOADS
BEFORE AND AFTER REMINING
Table C-1.—Analyses of Iron load before and after remining
; 1
e PADER systemn Mann-Whitney Gibbons NUPL method
Site type U test 2 samples 3 samples
1 2 5% 1% §% 1%
, L I Y N N N N N N
i 2 e N N N N N N N
y P N N N N N N N
' 7 Y Y Y Y X Y Y
" 5 i N N N N N N N
- N N Y N N N N

‘ 2 N N N N N N’ N
- N N N Y X Y Y

i L N N Y X X N X
10 coiviivinnenns N N N N N N N

i 11 BTN N N Y N X N X

¥ 12 e N N N N N N N

: £ 1< faoae N N N N N N N

: 1 N N Y Y Y Y Y Y
16 i N N N N X N N
N - Z N N Y X X X X
i ) 2 N N Y N N N N

i £ 1 SN N N N N N N N

! 19 oot Y Y Y Y Y Y Y
20 L N N N N X N N

% 21 ... e N N N N N N N
22 . N N Y N N N N
- N N Y N X N N

; 24 ..., Vi N N N N N N N
1 NUPL Nonparametric upper prediction limits.

;! PADER  Pennsylvania Department of Environmental Resources.

!

.‘ Nota,~N (no} indicates treatment was not initiated under the PADER system type 1, the post-remining median did not exceed the pre-
ramining 95% confidence interval about the medlan under the PADER system type 2, the Mann-Whitney U test Indicated no signiticant
diffrence at the §% confidence level, and the Gibbons NUPL method did not have two or three consecutive samples exceeding the pre-
remining maximum. Y {yes) indicates that treatment was Initiated under the given systern. X Indicates data were not avaliable or were

Insufficlent to complete the analyses.
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Table C-2.—Analyses of sulfate load before and after remining

PADER system Mann-Whitney Gibbons NUPL method
Site type U test 2 samples 3 samples

1 2 5% 1% 5% 1%
) [ Y N Y N N N N
2 i N N N N N N N
< T N N N N N N N
S Y Y Y Y X Y Y
S ittt N N N Y Y N N
(- N N Y Y Y Y Y
Y A N N N N N N N
- JP Y N Y Y X Y Y
(- LN N N Y X X N X
10 ...... . N N N N N N N
1 ) IR N N Y N X N X
12 ..., Ve X X X X X X X
13 .00, X X X X X X X
14 .. o0iiiins N Y Y Y Y Y Y
15 ciiinnnns N N N Y X N N
16 .......... N N N X X X X
17 i N N Y N N N N
18 . ivivinnn N N Y N N N N
19 ..., Y Y Y Y Y Y Y
20 Lo N N N N X N N
21 ... ... Y N Y Y Y Y Y
22 ... N N N N N N N
23 e, N N Y Y X N N
24 ........0, N N N N N N N

NUPL Nonparametric upper prediction limits.
PADER Pennsylvania Department of Environmental Resources.

Note.—N (no) indicates treatment was not Initiated under the PADER system type 1, the post-remining median did not exceed the
pre-remining 95% confidence interval about the median under the PADER system type 2, the Mann-Whitney U test indicated no
significant difference at the 5% confidence level, and the Gibbons NUPL method did not have two or three consecutive samples
exceeding the pre-remining maximum. Y (yes) indicates that treatment was initiated under the given system. X indicates data were not
available or were insufficient to complete the analyses.
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